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ABSTRACT
M utual s o l u b i l i t i e s  o f  3 m ethy l ‘2 b u ta n o n e -w a te r  have been 
determ ined  a n a l y t i c a l l y  f o r  te m p e ra tu re s  from -  8°C to  180°C a t  low 
p r e s s u r e  and from -  8°C to  90°C a t  p r e s s u r e s  up to  350 MN/m2 . I t  i s  
found t h a t  t h i s  sy s tem  shows a phase  b eh av io u r  a t  e l e v a t e d  p r e s s u r e  
s i m i l a r  to  t h a t  o f  th e  homologous system  2 b u ta n o n e -w a te r .  The phase  
beh av io u r  o f  th e  t e r n a r y  sy s tem  3 m ethy l 2 b u ta n o n e -w a te r -p ro p a n o n e  was 
s tu d ie d  a n a l y t i c a l l y  and o p t i c a l l y  a t  am bient p r e s s u r e  a t  0°C and 40°C.
L i q u i d - l i q u i d  e q u i l i b r i a  o f  the  b in a ry  system 2 b u ta n o l - w a te r  
were tho ro u g h ly  s tu d ie d  as a f u n c t io n  o f  tem p era tu re  and p r e s s u r e .  An 
h i t h e r t o  unknown i m m i s c i b i l i t y  phenomenon shown by t h i s  system  was 
observed  a t  1.3.8 MN/m2 i s o b a r  in  w hich a domed curve w ith  an U .C .S .T . 
i s  fo l low ed  by a c lo s e d  s o l u b i l i t y  loop Having a L .C .S .T . and an U .C .S .T .
The phase  b e h a v io u r  o f  th e  b in a r y  system  p ro p anone-ca rbon  d i s u l f i d e  
was i n v e s t i g a t e d  a t  -  12°C and -  14°C up to  a p r e s s u re  o f  362 MN/m2 . The 
r e s u l t s  s u p p o r t  an  e a r l i e r  i v e s t i g a t i o n  c a r r i e d  ou t a t  -  2°C which i n d i c a t e s  
t h a t  i n c r e a s in g  p r e s s u r e ,  r a i s e s  th e  c r i t i c a l  s o l u t i o n  te m p e r a tu r e .  F o r 
each system  '  J >  above th e  r e l a t i o n s  e x i s t i n g  among th e  c o n s o lu te  
s o lu t i o n  p r o p e r t i e s  a r e  d i s c u s s e d  i n  th e  l i g h t  o f  th e  o b se rv ed  r e s u l t s .
The m utua l s o l u b i l i t y  o f  th e  b in a ry  system  t h i o d i p r o p i o n i t r i l e -  
to lu en e  was s tu d i e d  a t  a tm o s p h e r ic  p r e s s u r e  by a l i g h t  t r a n s m is s io n  
method. I t  ap p ea rs  t h a t  th e  dem ixing curve o f  t h i s  system  e x h i b i t s  a 
L .C .S .T . inbe tw een  two U .C .S .T . ' s  o v e r  a sm all  c o n c e n t r a t i o n  range  in  an 
open m i s c i b i l i t y  lo o p .
-  i i i
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INTRODUCTION
The s tu d y  o f  phase b e h a v io u r  o f  a l i q u i d  m ix tu re  i s  o f  c o n s id e ra b le  
t h e o r e t i c a l  and p r a c t i c a l  i n t e r e s t ,  s in c e  the  phase  b e h a v io u r  i s  one 
o f  the  most fundam enta l p r o p e r t i e s  o f  a m ix tu re .  F or in s t a n c e  the 
d i f f e r e n c e s  o f  com position  betw een l i q u i d  phases  a re  e x p l o i t e d  in  
o rd e r  to  s e p a r a t e  su b s tan ces  ( e .g .  l i q u i d - l i q u i d  e x t r a c t i o n  o r  e x t r a c t i v e  
d i s t i l l a t i o n ) .  In  a d d i t io n  to  i t s  p r a c t i c a l  im portance  in  s e p a r a t io n  
p r o c e s s e s ,  knowledge of the  phase  b e h a v io u r  i s  a p r e r e q u i s i t e  f o r  o th e r  
types  o f  s t u d i e s  o f  a m ix tu re ,  as i t  e s t a b l i s h e s  the  p r e s s u r e - t e m p e r a tu r e -  
com posi t ion  (P.T.-jk.) b o u n d a r ie s  which d e f in e  the  l i m i t  o f  e x i s t e n c e  and 
c o e x i s t e n c e  o f  s e p a r a t e  p h a s e s .  ‘
The phenomenon o f  p a r t i a l  m i s c i b i l i t y ,  i s ,  v e ry  im p o r ta n t  as a 
s t r i n g e n t  t e s t  o f  any th e o ry  o f  s o l u t i o n s ,  s in c e  l i q u i d - l i q u i d  iram isci-  
b i l i t y  i s  a m a n i f e s ta t io n  o f  s t r o n g  n o n - i d e a l i t i e s  i n  th e  l i q u i d  m ix tu re .
I t  i s  a l s o  p o s s i b l e  to  deduce much o f  th e  in fo rm a t io n  abou t thermodynamics 
o f  a m ix tu re  from i t s  phase b e h a v io u r ,  even i n  th e  ranges  o f  te m p era tu re  and 
p re s s u re , '  where c a l o r im e t r i c  and v o lu m e tr ic  measurements a r e  d i f f i c u l t .
The p u rp o se  o f  the  e x p e r im e n ta l  work d e s c r ib e d  h e re  was to  p ro v id e  a 
more com plete  s e t  o f  measurements f o r  th r e e  s e l e c t e d  sy s tem s : 3 m ethyl 
2 b u ta n o n e -w a te r ,  2 b u ta n o l -w a te r  and p ro p an o n e-ca rb o n  d i s u l f i d e .  Phase 
b e h a v io u r  o f  p a i r s  o f  l i q u id s  i s  h ig h ly  v a r i a b l e  ra n g in g  from com plete 
m i s c i b i l i t y  under  a l l  c o n d i t io n s  ( e . g .  n .h e x a n e - n . o c t a n e ) , to  a lm ost 
com plete  i m m is c i b i l i t y  under a l l  c o n d i t io n s  ( e . g .  w a te r -m e rc u ry ) . The 
p h ase  r u l e  o f  Gibbs p ro v id e s  the  framework f o r  th e  d e s c r i p t i o n  o f  phase 
d iag ram s.  T his  r u l e  e x p re s sed  by th e  e q u a t io n  f  = c 2 -  p g iv e s  the  
number ,o f  in d e p en d en t v a r i a b l e s ,  f ,  as a f u n c t io n  o f  th e  number o f  
com ponents, c ,  and th e  number o f  p h a s e s ,  p ,  i n  a system  a t  e q u i l ib r iu m .
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For a b in a r y  system  s e p a r a t e d  i n t o  two phases  the  a p p l i c a t i o n  of 
the  phase  r u l e  g iv e s  two d eg ree s  o f  freedom. Tem perature and p r e s s u r e  
a re  u s u a l ly  chosen  as in d e p e n d e n t  v a r i a b l e s .  For condensed ph ases  the  
e f f e c t  o f  p r e s s u r e  i s  o f t e n  ig n o re d  so t h a t  f  = c -  p + 1. This  i s  
j u s t i f i a b l e  f o r  narrow  ran g e s  o f  p r e s s u r e  b u t  n o t  where th e  p r e s s u r e  
ranges  from a few b a r s  t o  s e v e r a l  k i l o b a r s .
In  th e  s tu d y  o f  b in a r y  l i q u i d - l i q u i d  e q u i l ib r iu m  e i t h e r  one o f  th e  
independen t v a r i a b l e s  (T o r  P) i s  k e p t  c o n s ta n t  and the  in f lu e n c e  o f  th e  
o th e r  i s  o b se rv e d ,  o r  b o th  o f  th e  in d e p en d en t v a r i a b l e s  a re  k e p t  c o n s ta n t  
and th e  com p o si t io n s  o f  e q u i l i b r a t e d  phases  a re  d e te rm in e d .  In  o th e r  
w ords, th e r e  a r e  th r e e  common methods used  in  th e  s tudy  o f  l i q u i d - l i q u i d  
e q u i l ib r iu m .
I  I s o b a r i c  Study o f  L iq u id -L iq u id  Systems
An enormous amount o f  e x p e r im e n ta l  'and t h e o r e t i c a l  work has a l r e a d y  
been done i n  th e  thermodynamic i n v e s t i g a t i o n  o f  m ix tu re s  a t  c o n s t a n t  
p r e s s u r e ,  e s p e c i a l l y  a t  am bient p r e s s u r e .  Most of th e  e x p e r im e n ta l  work 
on the  m u tu a l  s o l u b i l i t i e s  o f  b in a ry  and m ulticom ponent system s has  been  
compiled i n  books by Timmermans (1) S tephens and S tephens (2) , S e id e l  (3) , 
L a n d ^ d t - B ^ r n s t e in  (4) and c i t e d  by F ra n c is  (5) , Hicks (6) and Chem ical I 
A b s t r a c t s ;
In  F ig .  1 .1  th e  d i f f e r e n t  types  o f  tem pera tu re -m ole  f r a c t i o n  i s o b a r s  
a re  s c h e m a t ic a l ly  r e p r e s e n t e d .  The te m p era tu re  a t  which th e  two l i q u i d  
phases  merge i s  c a l l e d  th e  c r i t i c a l  s o l u t i o n  te m p era tu re  ( C .S .T . ) .  The 
maximum C .S .T . i s  c a l l e d  th e  u p p e r  c r i t i c a l  s o lu t i o n  te m p e ra tu re  (U .C .S .T .)  
o r  upper c o n s o lu te  te m p e ra tu re  and th e  minimum C.S.T . i s  c a l l e d  th e  low er 
c r i t i c a l  s o l u t i o n  te m p e ra tu re  (L .C .S .T .)  o r  lower c o n s o lu te  te m p e ra tu r e .
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Fig* 1 ,1  Schem atic  R e p re s e n ta t io n  o f  Tem perature  -  co m p o s i t io n  
i s o b a r s .
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The m ost common form of b e h a v io u r  i s  f o r  m utual s o l u b i l i t y  to  
in c re a s e  w i th  te m p e ra tu re  (F ig .  I . l . a )  and, u n le s s  th e  b o i l i n g  p o i n t  
o r  l i q u id - v a p o u r  c r i t i c a l  p o in t  occu rs  f i r s t ,  i n c r e a s e  o f  te m p e ra tu re  
u s u a l ly  b r in g s  a b o u t com plete  m i s c i b i l i t y .  L .C .S .T . f s a re  much l e s s  common, 
(F ig ,  I . l . b )  b u t  many examples a l s o  e x i s t .  A lthough many l i q u i d  system s 
show an i n c r e a s e  in  th e  m utual s o l u b i l i t y ,  w ith  d e c re a s in g  te m p e ra tu re ,  * 
th e  L .C .S .T .  i s  u s u a l l y  masked by the  o ccu rren c e  o f  a s o l i d  p h a se .  Very 
few examples e x i s t  o f  system s showing b o th  types  o f  c o n s o lu te  p o i n t  (F ig .
I . l . c ) .  F o r i n s t a n c e  w a te r -4  m ethy l p ip e r i d i n e  has a c lo s e d  s o l u b i l i t y  
loop over a  ra n g e  o f  abou t 100°C w i th in  which p a r t i a l  m i s c i b i l i t y  o c c u r s .
There a re  some u n u su a l  system s which show r a t h e r  d i f f e r e n t  b e h a v io u r .  
For i n s t a n c e  some s u lp h u r - a ro m a t ic  hydrocarbon  system s ( e . g .  s u lp h u r -  
b e n ze n e , - t o l u e n e ,  p -x y le n e ,- th r ip h e n y lm e th a n e )  have a L .C .S .T .  a t  a 
s i g n i f i c a n t l y  h ig h e r  te m p e ra tu re  th an  th e  U .C .S .T . (F ig .  I . l . e ) .  Y et an 
o th e r  l e s s  common demixing curve  shows a w a i s t  as i n  F ig .  I . l . f - b u t  does 
n o t  e x h i b i t  any c o n s o lu te  p o in t s  ( e . g .  w a t e r - d i e t h y l e t h e r ) ,
At a s p e c i f i c  i s o b a r  th e  upper and low er c o n s o lu te  te m p e ra tu re s  o f  
some system s merge a t  a s i n g l e  p o i n t  which i s  so  c a l l e d  h y p e r  c r i t i c a l  
s o l u t i o n  te m p e ra tu r e .  In  t h i s  case  th e  im m is c i b i l i t y  loop u s u a l l y  c o n s i s t s  
o f  a s i n g l e  p o i n t  (F ig .  I . l . d )  o r  has  th e  shape o f  F ig .  I . l . g ) .
I I  I s o th e r m a l  Study o f  L iq u id -L iq u id  E q u i l ib r iu m ,
In  s p i t e  o f  e x t e n s iv e  i n v e s t i g a t i o n  o f  te m p e r a tu r e 1s e f f e c t  on th e  
l i q u i d - l i q u i d  e q u i l i b r i a  th e  p r e s s u r e  v a r i a b l e  has  been  w id e ly  n e g l e c t e d ,  
a l th o u g h  i n  th e  f i r s t  decades o f  t h i s  cen tu ry  l i v e l y  i n t e r e s t  in  th e  t o p i c  
was shown i n  th e  N e th e r la n d s .  However w i th  th e  r e c e n t  r a p i d  developm ent
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o f  h ig h  p r e s s u r e  te c h n iq u e ,  s tu d y  o f  th e  in f lu e n c e  o f  p r e s s u r e  as a 
v a r i a b l e  on f l u i d  m ix tu re s  has  i n t e n s i f i e d  i n  th e  l a s t  decades .
From th e  c l a s s i c a l  thermodynamic s t a n d p o in t  te m p era tu re  and p r e s s u r e  
a re  i n  p r i n c i p l e  e q u iv a le n t  v a r i a b l e s .  E x p er im en ta l  f in d in g s  o f  v a r io u s  
w orkers  which have been  rev iew ed  i n  s e v e r a l  p ap e rs  by S ch n e id e r  (7 -1 0 ) ,  
P r a u s n i t z  (1 1 ) ,  and i n  books by Weale (1 2 ) ,  T s i k l i s  ( 1 3 ) ,  Rowlinson, (1 4 ) ,  
P r a u s n i t z  (15) show t h a t  the  shapes  o f  i s o th e r m a l  p re s s u re - c o m p o s i t io n  
d iagram s co rre sp o n d  to  the  te m p e ra tu re -c o m p o s i t io n  diagram  f o r  c o n s ta n t  
p r e s s u r e .  A l l  o f  the  known ty p es  o f  p re s s u re - c o m p o s i t io n  diagrams a r e  schema^ 
t i c a l l y  d e p ic te d  in  F ig .  1 ,1 .  D e f in i t i o n s  o f  co n so lu te  and h y p e r c r i t i c a l  
s o l u t i o n  p r e s s u r e s  a re  s i m i l a r  to  th o se  f o r  te m p e ra tu re .
I l l  P r e s s u r e  Dependence o f  C r i t i c a l  S o lu t io n  Tem perature i:n B ina ry  Systems
The d e te rm in a t io n  o f  a C .S .T . as a f u n c t io n  of p r e s s u r e  was c a r r i e d  
o u t  b e fo re  th e  tu r n  o f  th e  c e n tu ry  by Kohnstamm (1 6 ) ,  Roozeboom (1 7 ) ,
Kuenen (18) and Timmermans (1 9 ) .  S ince  th e n  i t  has a t t r a c t e d  more a t t e n t i o n ,  
s in c e  some thermodynamic in fo rm a t io n  can be deduced from the p r e s s u r e  
dependence o f  a C .S.T ,
Timmermans (19) e s p e c i a l l y  has made an e x te n s iv e  s tudy  o f  the  e f f e c t  
o f  p r e s s u r e  on U .C .S .T . and L .C .S .T .  With on ly  a few e x e p t io n s  e a r l y  
measurements were l im i t e d  to  th e  p r e s s u r e  range  below 20 MN/m2 , I n  s p i t e  
o f  the  l im i t e d  p r e s s u r e  range o f  th e se  measurements some o f  the  g e n e ra l  
r u l e s  d i s c u s s e d  below, abou t th e  p r e s s u r e  dependence o f  C .S .T . ’ s were 
deduced by Timmermans.
With th e  a id  o f  modem e x p e r im e n ta l  h ig h  p r e s s u r e  te c h n iq u e s ,  how ever, 
a g r e a t  d e a l  o f  p ro g re s s  has been  made d u r in g  r e c e n t  decades i n  the 
i n v e s t i g a t i o n  of f l u i d  system s a t  p r e s s u r e s  up to  700 MN/m2. In  a d d i t i o n
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to  Timmerman’s f i n d i n g s ,  some new types  o f  p r e s s u r e  dependence o f  im m isc i-  
b i l i t y  phenomena were observed .
In  F ig .  1 .2  a l l  types  o f  p r e s e n t l y  known C .S.T . a re  s c h e m a t ic a l ly
UCST LCSTp l o t t e d  a g a i n s t  p r e s s u r e  f o r  m ix tu re s  w i th  x = c o n s ta n t  = xc o r  x c 
a t  a tm o sp h e r ic  p r e s s u r e .  I f  the  system  does n o t  e x h i b i t  any c o n s o lu te  p o in t s  
a t  a tm o sp h e r ic  p r e s s u r e  x = r e c t i l i n e a r  c o m p o s i t io n .  S ince  th e  c r i t i c a l  
c o n c e n t r a t i o n s  depend only  s l i g h t l y  on p r e s s u r e  f o r  l i q u i d - l i q u i d  e q u i l i b r i a ,  
th e se  T(P) s e c t i o n s  f o r  c o n s ta n t  com position  a re  a l s o  c h a r a c t e r i s t i c  f o r  
c r i t i c a l  Tc(P) cu rves  them se lves .
U .C .S .T . ’ s may e i t h e r  r i s e  w i th  i n c r e a s in g  p r e s s u r e  (F ig .  I . 2 . a } ) ,  may 
rem ain c o n s ta n t  w i th in  a l im i t e d  p r e s s u r e  ra n g e ,  run  th rough  a te m p era tu re  
minimum (F ig .  I . 2 . a 3) o r  d e c l in e  (F ig .  I . 2 . a 2) .  L . C .S . T . ' s  may a l s o  e i t h e r  
r i s e  w i th  i n c r e a s i n g  p r e s s u r e  (F ig .  I . 2 . b j ) , r u n  th rough  a te m p e ra tu re  
maximum (F ig .  I . 2 . b 3) o r  d e c l in e  (F ig .  I . 2 . b 2) .  Of co u rse  t h e r e  i s  a l s o  a 
p o s s i b i l i t y  f o r  U .C .S .T . ’ s to  run th rough  a maximum (F ig .  I . 2 . a ^ )  and f o r  
L .C .S .T . ’ s to  run  th rough  a minimum (F ig .  1 . 2 . b 4>, b u t  no exam ples o f  such 
a b e h a v io u r  a r e  p r e s e n t l y  known.
For c lo s e d  s o l u b i l i t y  loops in  Tc(P) s e c t i o n s  s e v e r a l  k in d s  o f  
i n t e r e s t i n g  p r e s s u r e  dependence have been  found . In  some s y s te m s ,  w i th  
i n c r e a s in g  p r e s s u r e  th e  C .S .T . ’ s approach each  o th e r  and f i n a l l y  merge 
co m ple te ly  a t  a h y p e r - c r i t i c a l  s o l u t i o n  p o i n t  (F ig .  1 . 2 . ^ ) .  I n  some o th e r  
system s a s o l u b i l i t y  loop re a p p e a rs  w i th  f u r t h e r  i n c r e a s e  o f  p r e s s u r e  (F ig .
I . 2 . c 2 ) o r  i t  o n ly  appears  a t  s u f f i c i e n t l y  h ig h  p r e s s u r e  (F ig .  I . 2 . c 3) ,  and 
then  d isap p ea rs  com ple te ly  w ith  f u r t h e r  in c r e a s e  o f  p r e s s u r e  (F ig .  I . 2 . c ^ ) .
F ig .  1 . 2 . c,- and I . 2 . c 6 show o th e r  types  o f  p r e s s u r e  dependence of  c lo se d  
lo o p s .  With i n c r e a s in g  p r e s s u r e  the  U .C .S .T . and L .C .S .T .  approach  each
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F ig .  1 .2  P r e s s u r e  Dependence o f  C o n so lu te  Tem perature o f  b in a ry  
System.
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o th e r  th e n  e i t h e r  merge a t  a hyper c r i t i c a l  p o in t  and d iv e rg e  w ith  
f u r t h e r  i n c r e a s e  of p r e s s u r e  (F ig .  I .2 .c ,_ )  o r  do n o t  merge co m ple te ly  b u t  
d iv e rg e  w i th  f u r t h e r  in c r e a s e  o f  p r e s s u r e  ag a in  (F ig .  I , 2 . c g) .
The in f l u e n c e  o f  p r e s s u r e  on a system  e x h i b i t i n g  a demixing curve 
as  shown in  F ig .  I . l . e  e i t h e r  reduces  the  r e g io n  o f  com plete  m i s c i b i l i t y  
and b r in g s  a b o u t  a h y p e r - c r i t i c a l  p o in t  (F ig .  1 . 2 . 6 ^  o r  b r in g s  about the  
b e h a v io u r  o f  F ig .  I . 2 . e 2 . By c o n t r a s t  th e  system  w ith  a diagram  as in  
F ig .  I . l . f ,  may e x h i b i t  the  o p p o s i te  b e h a v io u r .  In  t h i s  case  in c r e a s in g  
p r e s s u r e  i n c r e a s e s  th e  re g io n  o f  com plete  m i s c i b i l i t y  and b r in g s  abou t a 
h y p e r - c r i t i c a l  p o i n t .  F u r th e r  i n c r e a s e  in  p r e s s u r e  g iv e s  r i s e  to  an U .C .S .T . 
and a L .C .S^T. There i s  a l s o  a p o s s i b i l i t y  f o r  phase  b e h a v io u r  such as 
shown in  F ig .  1 . 2 .1 ^ ,  h^ and hg.
There i s  some r a t h e r  s c a n ty  ev id en ce  in  th e  l i t e r a t u r e  t h a t  c e r t a i n  
system s may show two d i s t i n c t  c o n s o lu te  p o i n t s  o f  th e  same type  in  th e  same 
m i s c i b i l i t y  loop a t  e i t h e r  c o n s ta n t  p r e s s u r e  o r  te m p e ra tu re .  F or i n s t a n c e  
th e  b in a r y  sy stem  2 ,2  t h i o d i p r o p i o n i t r i l e - t o l u e n e  s t u d i e d  by S k in n e r  (20) 
was r e p o r te d  to  have two s e p a ra te  U .C .S .T .* s  w i th in  a sm a ll  c o n c e n t r a t i o n  
ra n g e ,  a t  a tm o sp h e r ic  p r e s s u r e  (F ig .  I . 3 . a ) .
The 3 m e thy l 2 b u ta n o n e -w a te r  system  s tu d ie d  a t  h ig h  p r e s s u r e  by 
S t e i n e r  and Schadow (21) shows two upper  c r i t i c a l  s o l u t i o n  p r e s s u r e s  and 
y ie ld e d  r e s u l t s  which imply two s e p a r a t e  L .C .S .T .  Ts a t  e l e v a t e d  p r e s s u r e  
(F ig .  I . 3 , b ) .
W innick and Powers (22) in  t h e i r  measurements o f  th e  m i s c i b i l i t y  o f  
carbon  d is u lp h id e -p ro p a n o n e  a t  -  2°C as a f u n c t i o n  o f  p r e s s u r e  p r e s e n t s  
r e s u l t s  which may p o s s ib ly  show two low er c r i t i c a l  s o l u t i o n  p r e s s u r e s ,  th e  
in v e r s e  o f  th e  r e p o r te d  beh av io u r  o f  3 m e thy l 2 b u ta n o n e -w a te r  m ix tu re .  
Winnick and Powers make no comment on t h i s  a s p e c t  o f  t h e i r  work.
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F ig .  1 .3  Schem atic  R e p r e s e n ta t i o n  o f . th e  M u l t i p l i c i t y  o f  the  
C o n so lu te -T em p e ra tu res
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P u b l i s h e d  d a ta  on th e  p h a se  b e h a v io u r  o f  2 b u ta n o l -w a te r  system  
a t  a tm o s p h e r ic  p r e s s u r e  (F ig .  1 .2 )  s u g g e s ts  t h a t  t h i s  system  a l s o  m ight 
have two U .C .S .T . ' s  under c e r t a i n  c o n d i t i o n s ,  b u t ,  u n l ik e  th e  th r e e  
system s a l lu d e d  to  above, th e se  U .C .S .T .* s  o ccu r  in  s e p a r a t e  m i s c i b i l i t y  
loops (F ig .  I . 3 . c ) .
E xperim ents  a t  h igh  p r e s s u r e  (23 ,24 )  have shown t h a t  th e re  a re  
a n a lo g ie s  between th e  in f lu e n c e  o f  p r e s s u r e  and o f  d i s s o lv e d  s a l t  
c o n c e n t r a t i o n  on the  im m is c i b i l i t y  phenomena in  l i q u i d  sy s tem s. For 
i n s t a n c e  a d d i t i o n  of KCI a t  a tm o sp h e r ic  p r e s s u r e  to  a m ix tu re  o f  1 - b u ta n o l -  
w a te r  system  w ith  a c o n s ta n t  mass r a t i o  c r e a t e s  s i m i l a r  e f f e c t  to  a change 
i n  p r e s s u r e .  In  f a c t ,  when th e  p r e s s u r e - c o n c e n t r a t i o n  diagram  i s  compared 
w ith  th e  c o n c e n t r a t io n  of m ix tu r e - d e c re a s in g  s a l t  c o n c e n t r a t i o n  diagram  
th e r e  i s  a p e r f e c t  ana logy .
The phase  b eh av io u r  o f  aqueous s o l u t i o n s  w i th  added s a l t s  under  h ig h  
p r e s s u r e s  can be ex trem ely  c o m p lic a te d .  The e th a n o l - w a te r  system  w i th  a 
c o n s ta n t  mass r a t i o  of (NH^)2 SO^ added e x h i b i t s  f o u r  c o n s o lu te  p o i n t s ,  
which im ply two s e p a r a t e  im m i s c i b i l i t y  lo o p s ,  each h av in g  one U .C .S .T . and 
one L .C .S .T . (F ig .  I . 3 . d ) .
T h e o r e t i c a l  c o n s id e r a t io n  shows t h a t  th e  e x i s t e n c e  o f  th e  two s e p a r a t e  
m i s c i b i l i t y  gaps i s  c o n s i s t e n t  w i th  thermodynamic p r i n c i p l e s ,  s in c e  th e  on ly
r e s t r i c t i o n  on a c o n so lu te  te m p e ra tu re  i s
CHAPTER 1
LIQUID-LIQUID EQUILIBRIUM
REVIEW OF PREVIOUS WORK
1 .1  D e te rm in a t io n  o f  L iq u id -L iq u id  E q u i l i b r i a
1 .1 .1  A tm ospheric  P r e s s u r e  Measurements
For th e  i n v e s t i g a t i o n  o f  th e  l i q u i d - l i q u i d  e q u i l i b r i a  a t  a tm o sp h e r ic  
p r e s s u r e  o r  in  the  v i c i n i t y  o f  a tm o s p h e r ic  p r e s s u r e ,  th e re  a r e  v a r io u s  
m ethods. None o f  them r e q u i r e s  e x p e r im e n ta t io n  o f  any com plex ity .  Three 
of th e se  methods have found g e n e r a l  a p p l i c a b i l i t y :
a) S y n th e t ic  Method
This i s  th e  o l d e s t  method i n i t i a t e d  by A le x z e f f  (2 5 ) .  In  t h i s  
method weighed q u a n t i t i e s  o f  th e  two l i q u i d  components a re  s e a le d  i n  a 
g la s s  tube to  p re v e n t  changes in  co m p o s i t io n  by e v a p o ra t io n .  The tu b e  i s  
then  immersed in  a h e a t i n g  b a th  and h e a te d  to  a tem p era tu re  at: which th e  
two l i q u i d  phases  a r e  c o m p le te ly  m i s c ib l e  o r  coo led  u n t i l  th e  s i n g l e  phase  
s e p a r a te s  i n t o  two p h a s e s .  The c r i t i c a l  s o l u t i o n  te m p era tu re  i s  then  
a s s o c ia t e d  w ith  th e  appearance  o r  d is a p p e a ra n c e  o f  a t u r b i d i t y  w hich r e s u l t s  
from the d i f f e r e n c e  in  r e f r a c t i v e  in d e x  o f  th e  c o e x i s t in g  p h a s e s .
The method i s  s im ple  to  p e r fo rm  and i s  v e ry  s u i t a b l e  f o r  th e  m easure­
ments in  th e  v i c i n i t y  o f  a c o n s o lu te  p o i n t  b u t  n o t  a t  c o n d i t io n s  f a r  away
f 3t 'from i t  where th e  a b s o lu te  v a lu e  o f  may be very  b ig  o r  i n f i n i t e .  This
I xJp
method has a number o f  o th e r  d is a d v a n ta g e s  which may be c i t e d  as f o l lo w s :
i )  I t  does n o t  y i e l d  e x p e r im e n ta l  p o in t s  a t  the  same te m p e ra tu re  f o r  
c o n ju g a te  c o m p o s i t io n s .
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i i )  The vapour p r e s s u r e  i n  th e  dead space  above th e  l i q u i d  m ix tu re  
i n  th e  s e a le d  tu b e  may a f f e c t  th e  e q u i l ib r iu m  s o l u b i l i t y ,  
thoungh n o t  n e c e s s a r i l y  i n  a l l  sy s tem s .
i i i )  The p re s e n c e  of a t r a c e  of s p a r in g l y  s o lu b le  im p u r i t i e s  in
th e  m ix tu re  may cause  a t u r b i d i t y  which could  be con fused  w i th  
th e  a c t u a l  c r i t i c a l  s o l u t i o n  te m p e ra tu re  (2 6 ) .
iv )  The o b s e rv a t io n  o f  a C .S .T . cou ld  a l s o  be confused  by o c c u r re n c e  
o f  an i s o - o p t i c  c o n d i t io n  in  which th e  r e f r a c t i v e  i n d i c e s  o f  th e  
l i q u i d  phases  a r e  e q u a l  f o r  some wave le n g th  in  th e  v i s i b l e  
spec trum . In  g e n e r a l  th e  low er th e  r e f r a c t i v e  in d e x  d i f f e r e n c e  
between the  two p u re  com ponents, th e  l e s s  a c c u ra te  th e  r e s u l t  i s .
A f u r t h e r  d i f f i c u l t y  may a r i s e  when th e  d e n s i t i e s  o f  th e  two p h a se s  
a re  e q u a l ;  th e  ph ases  do n o t  s t r a t i f y  i n t o  s e p a r a t e  l a y e r s ,  b u t  rem ain as 
a s t a b l e  em ulsion  o f  l a rg e  g lo b u l e s .  This  phenomenon i s  c a l l e d  b a r o t r o p y  
which i s  i n  a sense  in v e r s e  o f  a z e o tro p y  ( e . g .  i n  aze o tro p y  th e  c o m p o s i t io n  
o f  th e  c o e x i s t in g  phases  i s  th e  same, b u t  d e n s i t i e s  a re  d i f f e r e n t .  Here th e  
s i t u a t i o n  i s  r e v e r s e d ) .
One o th e r  d i f f i c u l t y ,  w hich i s  i n h e r e n t  i n  any method, i s  t h a t  one has  
to  i n f e r  from th e  s e t  o f  e x p e r im e n ta l  p o in t s  th e  ’b e s t 1 c o - o r d in a t e s  o f  th e  
c o n so lu te  p o i n t .
S e v e ra l  v e r s io n s  of th e  s y n t h e t i c  method have been  s u g g e s te d .  They 
a l l  stem from' the  f a c t  th a t ,  th e  c o e x i s t i n g  ph ases  have th e  same te m p e ra tu re  
and p r e s s u r e ,  b u t  d i f f e r  in  d e n s i t y ,  c o n c e n t r a t i o n  and o th e r  r e l a t e d  p h y s i c a l  
p r o p e r t i e s .  I f  one d e te rm in es  th e  v a r i a t i o n  o f  any of th e se  p r o p e r t i e s  w i th  
te m p era tu re  a t  c o n s ta n t  p r e s s u r e  o r  v ic e  v e r s a ,  th e  d i s c o n t i n u i t y  o f  th e  
p ro p e r ty  as a fu n c t io n  o f  th e  in d e p e n d e n t  v a r i a b l e  y i e l d s  th e  c r i t i c a l  
s o lu t i o n  te m p e ra tu re  and p r e s s u r e .  F o r i n s t a n c e  the  d e n s i ty  o f  one o f  th e
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c o e x i s t i n g  p h ases  as a fu n c t io n  o f  te m p e ra tu re  i s  dynam ica l ly  measured 
around a C .S .T . From the  i n f l e c t i o n  p o i n t  i n  the  d e n s i t y - t e m p e r a tu r e  
curve th e  C .S .T . i s  deduced (2 7 ) .  For th e  p r e c i s e  measurement o f  the  
te m p e ra tu re  dependence o f  d e n s i t y ,  d e s c r i p t i o n s  of s e v e r a l  m a g n e tic  
d e n s i to m e te r s  have r e c e n t ly  appeared  i n  th e  l i t e r a t u r e  ( 2 8 ,2 9 ) .  In  
the  m agne tic  d e n s i to m e t r i c  method th e  c u r r e n t  needed to  m a in ta in  the  
f l o a t  a t  a g iv e n  l e v e l  i s  used as a measure o f  th e  d e n s i t y  o f  the  
medium. The f l o a t  i s  c a l i b r a t e d  u s in g  a number o f  l i q u i d s  o f  known 
d e n s i t y .
In  a s i m i l a r  way, th e  C .S .T . o f  a s y n t h e t i c  m ix tu re  may be deduced 
from th e  measurement o f  d i e l e c t r i c  c o n s ta n t  (2 1 ) ,  r e f r a c t i v e  index  (30) 
and sound v e l o c i t y  (3 1 ) .
The C .S .T . o f  a s y n t h e t i c  m ix tu re  may a l s o  be deduced from 
d i f f e r e n t i a l  the rm al a n a l y s i s .  A lthough t h i s  method s t i l l  l a c k s  
a p p l i c a t i o n  f o r  th e  s tudy  o f  l i q u i d - l i q u i d  e q u i l i b r i a ,  i t  may p rove  to  
be u s e f u l ,  s in c e  some in fo rm a t io n  abou t th e  h e a t  o f  m ixing  may a l s o  be 
deduced.
b) V o lum e tr ic  Method
The method was i n i t i a l l y  employed f o r  th e  measurement o f  m utual 
s o l u b i l i t y  by H i l l  (3 2 ) .  I t  c o n s i s t s  o f  m ixing  known volumes o f  p u re  
l i q u i d s  and m easuring  the  volume o f the  two phases  a f t e r  e q u i l i b r i u m  has 
been  a t t a i n e d .  In  o rd e r  to  c a l c u l a t e  th e  m utual s o l u b i l i t y ,  s e v e r a l  
measurements have to  be c a r r i e d  o u t  w i th  d i f f e r e n t  i n i t i a l  volume r a t i o s .  
From two p a r a l l e l  experim en ts  w ith  m and m’ mass o f  one o f _th e  components, 
volume a ,  b and a 1, b 1 o f  the  p h a s e s ,  th e  e q u i l ib r i u m  c o n c e n t r a t i o n  x and 
y ? can be c a l c u l a t e d  u s in g  the  mass b a la n c e  ax + by = m and a ’x + b fy f = ml .
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C e n t r i f u g a t i o n  o f  th e  whole u n i t  improves phase  s e p a r a t io n  and 
e l im in a te s  p o s s i b l e  e r r o r s  caused  by r e t e n t i o n  o f  l i q u i d  on the  
v e s s e l ' s  w a l l s  o r  by e m u l s i f i c a t i o n  (3 3 ) .  I f  the  two l i q u i d s  have • 
s i m i l a r  d e n s i t i e s ,  c e n t r i f u g a t i o n  becomes m andatory .
One o th e r  method f o r  d e te rm in a t io n  of  a C .S.T . i s  th e  t i t r a t i o n  
method o f  H e r tz  (3 4 ) .  Here one o f  th e  p u re  l i q u id s  i s  added to  th e  
o t h e r ,  up to  p o i n t  o f  s a t u r a t i o n  a t  c o n s ta n t  te m p e ra tu re .  The a c c u ra c y  of 
t h i s  method i s  c o n s id e re d  to  be p o o r .  I t  may be improved i n  the  aqueous 
s o l u t i o n  o f  o rg a n ic  s o lv e n t s  by d i s p e r s in g  a w a te r - i n s o l u b le  dye i n  
w a te r  and add ing  the  o rg a n ic  s o lv e n t  d ro p w ise ,  u n t i l  th e  ex cess  d i s s o lv e s  
th e  o rg a n ic  dye (35) , though th e  p re s e n c e  o f  dye as s o l u t e  may i t s e l f  
d i s t u r b  th e  e q u i l ib r iu m .
c) A n a ly t i c a l  Method
For th e  d e te rm in a t io n  o f  th e  m utual s o l u b i l i t y  of a b in a r y  sy stem  
a t  a chosen te m p e ra tu re  below th e  b o i l i n g  p o i n t  o f  th e  m ix tu re  a h e t e r o ­
geneous m ix tu re  i s  made up i n  a t e s t  tube  and immersed i n  a c o n s t a n t  
te m p era tu re  b a t h .  The c o n te n ts  o f  th e  t e s t  tube a re  s t i r r e d  by some 
means to  e n su re  e q u i l ib r iu m .  Then th e  phases  a re  a llow ed  to  re a c h  
com plete s e p a r a t io n  by g r a v i t y .  R e p r e s e n ta t i v e  samples o f  each  p hase  a r e  
e x t r a c t e d  and a n a ly s e d .  For th e  measurement a t  a te m p era tu re  above th e  
b o i l i n g  p o i n t  o f  th e  m ix tu r e ,  th e  exp er im en t has to  be c a r r i e d  o u t  i n  a 
s e a le d  d ev ice  to  p r e v e n t  com plete  e v a p o r a t io n .  Again samples from each 
phase  a r e  w ithdraw n and a n a ly s e d .
S ince  g a s - l i q u i d  chrom atography p ro v id e s  a s im ple  and a c c u r a te  method 
o f  a n a l y s i s ,  t h i s  method i s  becoming th e  most fav o u red .
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The co m p o si t io n  o f  c o e x i s t i n g  phases  may a l s o  be d e te rm ined  by 
m easuring two p h y s i c a l  p r o p e r t i e s .  Curves r e p r e s e n t in g  the  b e h a v io u r  
o f  any two p h y s i c a l  p r o p e r t i e s  w i th  r e s p e c t  to  com position  make p o s s i b l e  
the  a n a l y s i s  o f  any m ix tu r e ,  when p l o t t e d  on a t r i a n g u l a r  d iag ram . In  
t h i s  method in  o r d e r  to  g e t  a c c u r a te  r e s u l t s ,  i t  i s  n e c e s s a ry  t h a t  
curves shou ld  i n t e r s e c t  s h a r p ly .
In  t h i s  m ethod, th e  on ly  problem  a r i s i n g  from th e  type  o f  p h ase  
invo lved  i s  th e  n e c e s s i t y  o f  a l lo w in g  s u f f i c i e n t  a g i t a t i o n  and c o n t a c t  
time to  a t t a i n  e q u i l ib r i u m  w i th o u t  fo rm a t io n  o f  a s t a b l e  em u ls ion  and 
s u f f i c i e n t  tim e to  e n s u re  t h a t  only  one phase  i s  b e in g  sampled a t  a t im e .
1 .1 .2  High P r e s s u r e  Measurements
There a r e  two methods commonly used f o r  o b ta in in g  h ig h  p r e s s u r e  
l i q u i d - l i q u i d  e q u i l ib r iu m  d a t a .  The s y n t h e t i c  method and th e  a n a l y t i c a l  
method. These methods a r e  e x t e n t io n s  o f  th e  p r i n c i p l e s  used  a t  o r  n e a r  
a tm ospheric  p r e s s u r e .  However th e  d e t a i l s  and m a t e r i a l s  o f  c o n s t r u c t i o n  
o f  th e  a p p a ra tu s  a re  o f t e n  v e ry  d i f f e r e n t .
a) The S y n th e t i c  Method
There a r e  two common v e r s io n s  o f  t h i s  method. The f i r s t  i s  u s u a l l y
c a l l e d  th e  " o p t i c a l  method" i n  which a known com position  o f  m ix tu re  i s
made up a t  a tm o sp h e r ic  p r e s s u r e  by mass. The c r i t i c a l  s o l u t i o n  p o i n t  i s
a s s o c ia t e d  w i th  a c loud  p o i n t .  P r e s s u r e  i s  the  p r e f e r r e d  v a r i a b l e ,  s in c e
v a ry in g  p r e s s u r e . i s ,  i n  g e n e r a l ,  more co n v en ien t  than  te m p e ra tu r e .  This
3P' i s  v e ry  b i g  o r  i n f i n i t e .  I tmethod f a i l s  where the  a b s o lu t e  v a lu e  o f  ^
 ^ c
i s  e q u a l ly  p o s s i b l e  to  v a ry  th e  te m p e ra tu re  a t  c o n s t a n t - p r e s s u r e . This
method f a i l s  where the  a b s o lu t e  v a lu e  o f 3P l i s  v e ry  s m a l l  o r  zero ,
' c
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The second v e r s io n  o f  th e  s y n t h e t i c  method, i s  s i m i l a r  to  t h a t  
a t  a tm ospheric  p r e s s u r e .  Here th e  v a r i a t i o n  o f  a p h y s ic a l  p r o p e r ty  w i th  
one o f  the  independen t v a r i a b l e s  i s  d e te rm in e d .  From th e  d i s c o n t i n u i t y  
in  the  r e l a t i o n s h i p  betw een the  in d e p en d en t v a r i a b l e  and t h a t  p h y s i c a l  
p r o p e r ty ,  c r i t i c a l  s o l u t i o n  p o in t  i s  deduced. Although a t  a tm o sp h e r ic  
p r e s s u r e  th e  te m p era tu re  i s  th e  un ique  v a r i a b l e ,  h e re  e i t h e r  te m p e ra tu re  
o r  p r e s s u r e  may be v a r i e d .  In  d e te rm in in g  .a  c r i t i c a l  s o lu t i o n  p o i n t  
on th e  c o n s o lu te  envelope  th e  measurements o f  p r o p e r t i e s  such as volume 
(3 6 ) ,  d i e l e c t r i c  c o n s ta n t  ( 2 1 ) ,  e l e c t r i c a l  c o n d u c t iv i ty  (37) have found 
some a p p l i c a t i o n .
The s y n t h e t i c  method has  a number o f  advan tages  and d i s a d v a n ta g e s :  
A dvantages : The method i s  p a r t i c u l a r l y  s u i t a b l e  f o r  measurements n e a r  a 
c o n s o lu te  p o i n t .  B a r o t ro p ic  system s ( i . e .  systems w i th  e q u a l  d e n s i t y  b u t  
w i th  d i f f e r e n t  co m posi t ions)  can a l s o  be  s t u d i e d .
S im ultaneous d e te rm in a t io n  o f  P .V .T . d a t a  i s  p o s s i b l e .  The h ig h  
p r e s s u r e  c e l l  can be c o m p a ra t iv e ly  sm a l l  and in e x p e n s iv e .  A whole T(p) 
i s o p l e t h  can be o b ta in e d  w i th  one f i l l i n g .  U sua lly  the  e x p e r im e n ta l  
p ro ced u re  i s  easy  and q u ic k .
D isadvan tages  : The method i s  n o t  s u i t a b l e  f o r  measurements f a r  away from 
c o n s o lu te  p o i n t s , where th e  a b s o lu t e  v a lu e s  o f  
o r  i n f i n i t e .  V isu a l  o b s e r v a t io n  i s  in c o n c lu s iv e  f o r  i s o - o p t i c  sy s te m s .
The method i s  n o t  v e ry  c o n v e n ie n t  f o r  m ulticom ponent system s. The s tu d y  
o f  phase  b eh av io u r  i s  im p o s s ib le  when more th en  two phases  a re  p r e s e n t .
b) The A n a ly t i c a l  Method
The v e s s e l  i s  charged  w i th  th e  m ix tu re  o f  ap p rox im ate ly  known 
o v e r a l l  com position  such t h a t  two e q u i l i b r i u m  la y e r s  o f  more o r  l e s s  e q u a l  
volumes form a t  th e  r e q u i r e d  c o n d i t i o n s .  Then th e  system  i s  b ro u g h t  to
9T
9x o r  o fP
f \
9P
9T a r e  b i gT
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th e  r e q u i r e d  c o n d i t i o n s .  The c o n te n ts  o f  th e  sample h o ld e r  a re  s t i r r e d  
to  e q u i l i b r a t e  th e  p h a s e s .  Once th e  e q u i l ib r iu m  c o n d i t io n  has  been 
reached  th e  c o n c e n t r a t i o n  o f  each  phase  i s  de term ined  by w ith d raw in g  
samples from each  l a y e r  and a n a ly s in g  them o u ts id e  th e  a u to c la v e .  In  
p r i n c i p l e  i t  i s  o f  co u rse  p o s s i b l e  to  d e te rm ine  th e  c o n c e n t r a t i o n  o f  
c o e x i s t i n g  p h a se s  w i th in  th e  v e s s e l  under th e  e x i s t i n g  c o n d i t io n s  by 
an a p p r o p r i a t e  p h y s ic o -c h e m ic a l  method o f  a n a l y s i s .
This  method has  a l s o  a number o f  advan tages  and d i s a d v a n ta g e s :  
Advantages : S e v e ra l  i so th e rm s  ( o r  i s o b a r s )  can be m easured w i th  one 
f i l l i n g .  M ulticom ponent system s can be s tu d i e d .  T i e r l i n e s  a r e  d e te rm in e d  
d i r e c t l y .  R e s u l t s  a r e  f r e e  from s u b je c t iv e  e r r o r s .
D isadvan tages  : The method i s  n o t  s u i t a b l e  n e a r  c o n s o lu te  p o i n t s  o r  f o r  
b a r o t r o p i c  system s where th e  e q u i l i b r a t i n g  phases  do n o t  s e p a r a t e  w e l l .  
R e l ia b le  sam pling  can be d i f f i c u l t  e s p e c i a l l y  i f  th e  s u b s ta n c e s  under  
i n v e s t i g a t i o n  show v e ry  d i f f e r e n t  v o l a t i l i t y  ( e . g .  g a s -g a s  e q u i l i b r i a ) .  
A d d i t i o n a l l y ,  th e  samples have to  be sm a l l  and th e  volume o f  the  m ix tu re  
con f in ed  w i th i n  th e  h o ld e r  l a r g e  i n  o rd e r  to  avo id  f l u c t u a t i o n  i n  
e q u i l ib r iu m  r e s u l t i n g  from p r e s s u r e  change d u r in g  the  sam pling  p r o c e d u r e .
A g r e a t  i n t e r n a l  volume however r e q u i r e s  heavy and e x p en s iv e  a u t o c l a v e s .  
The in c r e a s e  o f  v i s c o s i t y  w i th  i n c r e a s in g  p r e s s u r e  may r e t a r d  th e  
com plete s e p a r a t i o n  o f  p h a s e s .  I t  may be d i f f i c u l t  to  e n s u re  t h a t  
e q u i l ib r iu m  i s  e f f e c t i v e l y  re a c h e d .  C ontam ina tion  o f  one p h ase  by th e  
o th e r  may cause  c o n s id e ra b le  e r r o r s .  The c o - o r d in a te s  o f  th e  c o n s o lu te  
p o in t  o r  th e  h y p e r - c r i t i c a l  p o i n t  have to  be i n f e r r e d  from th e  s e t  o f  
e x p e r im e n ta l  p o i n t s .  This d i f f i c u l t y  i s  p ro b a b ly  i n h e r e n t  i n  any o th e r  
method f o r  d e te r m in a t io n  o f  th e  m utual s o l u b i l i t y  a t  e l e v a t e d  p r e s s u r e .
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1.2  A B r i e f  Review o f  R e lev an t P re v io u s  A ppara tus  Used i n  D e te rm in a t io n  o f  
M utual S o l u b i l i t y  a t  E le v a te d  P r e s s u r e
1 .2 .1  O p t i c a l  O b se rv a t io n  C e l l s
A g r e a t  number o f  o p t i c a l  c e l l s  d e s c r ib e d  in  th e  l i t e r a t u r e  have been 
used  by numerous a u th o rs  f o r  th e  i n v e s t i g a t i o n  o f  a l l  k in d s  o f  f l u i d  two- 
phase  e q u i l i b r i a .  The s tu d y  has been s t a r t e d  by Kohnstamm ( 1 6 ) ,  Roozeboom 
(1 7 ) ,  Timmermanns ( 1 9 ) ,  Kuenen (18) and many o t h e r s .  The o r i g i n a l  r e f e r e n c e s  
o f  th e se  e a r l i e r  w orkers  a re  v e ry  d i f f i c u l t  to  o b ta in  and v e ry  l i t t l e  
in fo rm a t io n  i s  a v a i l a b l e  abou t t h e i r  e x p e r im e n ta l  a p p a r a tu s ,  though some 
o f  them made m easurem ents a t  p r e s s u r e s  up to  300 MN/m2 as e a r l y  as 1912.
S e v e ra l  h ig h  p r e s s u r e  o p t i c a l  c e l l s  have been d e s c r ib e d  i n  the  
l i t e r a t u r e .  Most o f  th e s e  u se  s y n t h e t i c  s a p p h i r e  windows, s i n c e  the  
b eh a v io u r  o f  g l a s s  under  p r e s s u r e  i s  u n p r e d ic t a b l e .
S c h n e id e r  (38) has  d e s c r ib e d  a v e ry  s im ple  h ig h  p r e s s u r e  c e l l  which 
can be used  to  s tu d y  l i q u i d - l i q u i d  i m m i s c i b i l i t y  up to  500 MN/m2 . The 
c o n te n ts  o f  th e  c e l l  were a g i t a t e d  by a sm a l l  m ag n e tic  s t i r r e r  d r iv e n  from 
o u t s id e  th e  v e s s e l  by a r o t a t i n g  magnet and were viewed th ro u g h  two s a p p h i re  
windows. P r e s s u r e  was conveyed to  th e  system  by a moving p . t . f . e .  p i s t o n .
E h r l i c h  and Kurpen (39) have d e s c r ib e d  a n o th e r  s im p le  h ig h  p r e s s u r e  
c e l l  which was used  to  s tu d y  phase  e q u i l i b r i a  o f  p o ly m e r - s o lv e n t  sy s tem s .
They used  l a r g e  windows (25 mm) made from p y re x  o r  p l a t e  g la s s  which were 
s e a le d  by two s e t s  o f  neoprene  T0 ’ r i n g s .  The c e l l  o p e ra te d  up to  60 MN/m2 .
C onno lly  (40) d e s c r ib e d  an a p p a ra tu s  to  d e te rm in e  s o l u b i l i t y  o f  hy d ro ­
carbon i n  w a te r  up to  a  p r e s s u r e  o f  80 MN/m2 . I t  c o n s i s t s  o f  a s t a i n l e s s  
s t e e l  v e s s e l  w i th  th r e e  i n j e c t i o n  p o i n t s ,  one each  f o r  m e rc u ry ,  w a te r  and
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hydrocarbon . The topm ost p o r t i o n  o f  th e  c e l l  i s  viewed th rough  a 
p r ism  and window a r ran g em en t.  M ixing i s  accom plished by a m a g n e ti­
c a l l y  d r iv e n  s t e e l  b a l l .
The c e l l  i s  lo a d ed  w i th  a known amount o f  w a te r  and b ro u g h t  to  
r e q u i r e d  te m p e ra tu re .  Mixing i s  s t a r t e d  and hydrocarbon i s  i n j e c t e d  
u n t i l  e i t h e r  a c loud  p o i n t  o r  a sm a l l  p o r t i o n  o f  a second phase  appears, 
a t  the  top o f  th e  c e l l .  Then m ercury  i s  i n j e c t e d  to  change th e  p r e s s u r e  
and more hydrocarbon  i s  i n j e c t e d  and so  on.
Oeder and S ch n e id e r  (41) d e s c r ib e d  a s l i g h t l y  more c o m p lic a te d  
o p t i c a l  c e l l  f o r  m easurem ents up to  300 MN/m2 . The c e l l ,  in t e n d e d  f o r  
low te m p era tu re  w ork ing ,  was c o n s t r u c t e d  from c o p p e r -b e ry I l iu m  and was 
f i t t e d  w ith  two s a p p h i r e  windows. The l i q u i d  m ix tu re  in  th e  c e l l  was 
a g i t a t e d  by a sm a l l  m a g n e tic  s t i r r e r  d r iv e n  from o u ts id e  the  c e l l  by  a 
r o t a t i n g  m agnet. The p r e s s u r e  was t r a n s m i t t e d  to  th e  m ix tu re  by a 
f l e x i b l e  b e l lo w s .  D isp lacem en t o f  th e  b e l lo w s  could  be d e t e c te d  and 
measured by a d is p la c e m e n t  t r a n s d u c e r .  This  en ab les  th e  c e l l  to  be 
used f o r  P .V .T . measurements as w e l l .
A nother o p t i c a l  c e l l  was d e s c r ib e d  by Arons and Diepen (4 2 ) .  The 
f l u i d  m ix tu re  i s  e n c lo se d  in  a g la s s  pyknometer t h a t  i s  mounted i n  an 
a u to c la v e .  Mercury i s  used  as an in t e r m e d ia te  f l u i d  to  p r e v e n t  p r e s s u r e  
t r a n s m i t t i n g  f l u i d  coming in  c o n ta c t  w i th  the  m ix tu re  under t e s t .  The 
phase  e q u i l ib r iu m  in  th e  neck o f  th e  pyknometer could  be viewed th ro u g h  
two windows o f  s a f e t y  g l a s s .  The m ix tu re  i s  s t i r r e d  by a sm a ll  perm anen t 
magnet which i s  d r iv e n  from o u t s id e  th e  pyknometer by a second perm anent 
magnet fa s te n e d  to  an i r o n  tu b e .  The second magnet was a c tu a te d  by a s o l e ­
n o id  mounted a t  th e  o u t s id e  o f  th e  v e s s e l .  The c e l l  was used up to  200 MN/m2 .
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L entz  (43) used a h o r i z o n t a l l y  p o s i t i o n e d  hollow  c y l in d e r  f o r  
o b s e r v a t io n  o f  a c r i t i c a l  s o l u t i o n  p o i n t  a t  h ig h  p r e s s u r e  and P .V .T . 
m easurem ents . The c o n te n ts  o f  c e l l  cou ld  be viewed through a s a p p h i r e  
window p o s i t i o n e d  a t  one end, A p i s t o n  f i t t e d  to  the  o th e r  end w i th  
a p la t in u m  m i r r o r  conveys p r e s s u r e  to  th e  sy s tem . The m ix tu re  c o n f in e d  
w i th i n  th e  c e l l  i s  a g i t a t e d  by a m a g n e tic  s t i r r e r .  The d is p la c e m e n t  o f  th e  
p i s t o n  can be read  on a l i n e a r  s c a l e  viewed th rough  a n o th e r  o p t i c a l  
window.
A more co m p lica ted  a p p a ra tu s  has been  d e s c r ib e d  by Buback and F ranck  
(4 4 ) .  The sample h o ld e r  i s  a c y l in d e r  o f  s y n t h e t i c  s a p p h i r e ,  p r e s s e d  on 
a s t e e l  p lu g ,  th u s  p r o v id in g  a s e a l  f o r  th e  h ig h  p r e s s u r e  space  u s in g  
P o u l t e r ' s  p r i n c i p l e .  A g o ld -p la t in u m  b e l lo w s  i s  a t t a c h e d  to  th e  s a p p h i r e  
by  a com pression  s e a l .  The p o s i t i o n  o f  th e  be llow s can be d e te rm in e d  by an 
e x t e r n a l  in d u c t iv e  d e t e c t o r .  Through th e  s a p p h ire  window th e  p h ase  
e q u i l i b r i a  can  be o b se rv ed .  With s l i g h t  m o d i f ic a t io n  th e  c e l l  can a l s o  be 
used f o r  P .V .T . o r  c o n d u c t iv i t y  m easurem ents .
A nother com p lica ted  o p t i c a l  c e l l  f o r  s tu d y in g  phase  b e h a v io u r  w hich 
can o p e ra te  up to  220 MN/m2 and 400°C has  been  developed  by Alwani and 
S chn iede r  (4 5 ) .  The c e l l  was c o n s t r u c t e d  from TNimonic 9 0 ' .  The p h ase  
t r a n s i t i o n s  i n  th e  c e l l  a r e  o b se rv ed  th ro u g h  a s i n g l e  window. The l i g h t  
f o r  o b s e rv a t io n  i s  focused  i n t o  th e  c e l l  by a m i r r o r  and r e f l e c t e d  on an 
i n t e r n a l  p la t in u m  m i r r o r .  The p r e s s u r e  i s  t r a n s m i t t e d  to  th e  f l u i d  
m ix tu re  by a p i s t o n .  The d is p la c e m e n t  o f  th e  p i s t o n  could  be de te rm in ed  
by a d isp la c e m e n t  t r a n s d u c e r  e n a b l in g  th e  c e l l  to  be used f o r  P .V .T . 
s t u d i e s .  The c o n te n ts  o f  th e  c e l l  w ere s t i r r e d  by a perm anent r i n g  magnet 
which cou ld  be moved back and f o r t h  by making the  top o f  the  window p lu g  
a l t e r n a t e l y  a m agne tic  n o r th  and so u th  p o l e .  This change in  p o l a r i t y  i s  
ach ieved  by p a s s in g  a d i r e c t  c u r r e n t  o f  s lo w ly  a l t e r n a t i n g  p o l a r i t y
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th ro u g h  a l a r g e  s o le n o id  a t t a c h e d  to  th e  window p lu g .  L iphard  and 
S ch n e id e r  (46) d e s c r ib e d  an o p t i c a l  c e l l  which i s  made o f  non-m agne tic  
s t a i n l e s s  s t e e l .  The c e l l  i s  s e a le d  by a copper r i n g  compressed by 
a s p e c i a l  f l a n g e .  A p i s t o n  w i th  f0 f r i n g s  f i t t e d  to  th e  c e n t r e  o f  the  
f la n g e  conveys p r e s s u r e  to  th e  m ix tu re  un d er  t e s t .  The l i q u i d  m ix tu re  
i n  th e  c e l l  i s  s t i r r e d  by a m a g n e tic  s t i r r e r  o p e ra te d  from o u t s id e  th e  
c e l l .  I n  o rd e r  to  improve m ix ing  a c o i l  was a t t a c h e d  to  th e  s t i r r e r .
A l l  phase  t r a n s i t i o n s  in  th e  c e l l  can be  viewed th rough  two s a p p h i re  
windows. The a p p a ra tu s  has been  used up to  1000 b a r  and 150°C.
S t e i n e r  and Schadow (21) have r e p o r t e d  a m anually  s t i r r e d  o p t i c a l  
c e l l  w i th  two s a p p h ire  windows which can o p e ra te  up to  130 MN/m2 . One 
o th e r  o p t i c a l  c e l l  was d e s c r ib e d  by W innick and Powers (22) which can 
o p e ra te  up to  700 MN/m2 , i t  does n o t  have  p r o v i s io n  f o r  s t i r r i n g .
1 .2 .2  A u to c lav es  f o r  D e te rm in a t io n  o f  C on juga te  Com positions a t  
E le v a te d  P re s s u re
An a p p a ra tu s  f o r  the  i n v e s t i g a t i o n  o f  g a s -g a s  e q u i l i b r i a  up to  
p r e s s u r e s  o f  20 k - b a r  has been  d e s c r ib e d  by K r ic h e u s k i i  and T s i k l i s  (4 7 ) .  
The a p p a ra tu s  c o n s i s t s  o f  a h ig h  p r e s s u r e  c y l i n d e r  c o n ta in in g  a p ie z o m e te r  
in  which th e  m ix tu re  o f  known c o m p o s i t io n  i s  compressed o ve r  m ercury . The 
top of th e  p ie z o m e te r  i s  connec ted  to  a  sam pling  v a lv e  a t  th e  top o f  h ig h  
p r e s s u r e  c y l i n d e r .  The bo ttom  o f  th e  c y l in d e r  i s  connec ted  to  a manganin 
r e s i s t a n c e  p r e s s u r e  gauge and p r e s s u r e  i n t e n s i f i e r .
The p ie z o m e te r  i s  f i l l e d  w i th  th e  m ix tu re  a t  a p re d e te rm in e d  
p r e s s u r e  and te m p era tu re  where on ly  one p h ase  i s  p o s s i b l e .  Then the  
system  i s  b ro u g h t  to  the  r e q u i r e d  h e te ro g e n e o u s  c o n d i t io n  and a l low ed  to  
s e p a r a t e .  When s e p a r a t io n  o f  ph ases  was ju d g ed  to  be com ple te ,  f i r s t ,  
th e  upper  p h a s e ,  l a t e r ,  the  low er p h ase  was f o r c e d  o u t  th rough  a v a lv e
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and a n a ly s e d .  The phases  were d r iv e n  o u t  by pumping m ercury up i n t o  
th e  p ie z o m e te r .  The p r e s s u r e  was k e p t  c o n s ta n t  by pumping more l i q u i d  
i n t o  th e  sy s tem . One o f  th e  d is a d v a n ta g e s  o f  t h i s  system  i s  t h a t  i t
does n o t  have any p r o v i s io n  f o r  s t i r r i n g .
T s i k l i s  (48) has a l s o  des igned  a  p ie z o m e te r  which in c o r p o r a te s  a 
s t i r r e r  and s o le n o id .  The i n c o r p o r a t i o n  o f  s t i r r e r  a l low s f o r  sub­
s e q u e n t  ex p er im en ts  a t  lower p r e s s u r e s  th a n  th e  f i r s t  ex p e r im en t .
T s i k l i s  and M aslenikova (49) have d e s c r ib e d  an a p p a ra tu s  which 
does n o t  employ mercury and can o p e r a t e  up to  600 MN/m2 and 500°C. The
e q u i l ib r i u m  v e s s e l  c o n s i s t s  o f  a th i c k - w a l l e d  c y l in d e r  made from s t a i n ­
l e s s  s t e e l .  An e le c t ro m a g n e t i c  s t i r r e r  i s  mounted w i th in  th e  v e s s e l  which 
has two a c c e s s e s  to  o u t s i d e ,  one a t  th e  top  th e  o th e r  a t  th e  bo ttom . The 
top  a c c e s s  i s  te rm in a te d  i n  a sam pling  v a l v e .  The bo ttom  a c c e ss  connec ted  
to  a c ro s s  to  w h ich , the  p r e s s u r e  i n t e n s i f i e r ,  manganin manometer and 
sam pling  v a lv e  a re  connec ted .  The manganin manometer i s  i n s u l a t e d  from 
th e  f l u i d  under  t e s t  by a be llow s f i l l e d  w i th  dry  k e ro s e n e .  When th e  c e l l  
c o n te n ts  a re  e q u i l i b r a t i n g ,  th e  p r e s s u r e  i n t e n s i f i e r  i s  i s o l a t e d  by means 
of a v a lv e .  A f t e r  e q u i l ib r iu m  i s  e s t a b l i s h e d ,  the  p r e s s u r e  i s  measured 
and samples a r e  w ithdraw n f o r  a n a l y s i s .  The drop in  p r e s s u r e  i s  com pensated 
by adding  one o f  the  l i q u i d  components o f  th e  m ix tu re .
E lg in  and W einstock (50) d e v ise d  an a p p a ra tu s  to  w ithdraw  a sample 
from the  h ig h  p r e s s u r e  system  in  o rd e r  to  v e r i f y  v i s u a l  o b s e r v a t io n s .
Samples o f  each  l a y e r  were w ithdraw n i n t o  c a r t r i g e s  i n s i d e  th e  p r e s s u r e  
v e s s e l .  The a p p a ra tu s  was then  d is m a n t le d  to  r e c o v e r  the  sam ples which 
were a n a ly s e d .
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A n e a t e r  s o l u t i o n  to  th e  sam pling  problem  was d e v ise d  by Moruy^shi
e t  a l .  (51) who used a m o d if ie d  g l a s s  s y r in g e .  This s y r in g e  was charged
w i th  m ix tu re  and then  immersed in  h y d r a u l i c  f l u i d  in  a p r e s s u r e  v e s s e l  and 
connec ted  to  th e  e x t e r i o r  o f  th e  v e s s e l  v i a  a c a p i l l a r y  te rm in a te d  in  a 
n e e d le  v a lv e .  The c o n te n ts  o f  th e  s y r in g e  w ere s t i r r e d  by ro c k in g  th e  
v e s s e l  so t h a t  a g la s s  b a l l  w i th i n  th e  s y r in g e  r o l l e d  from end to  end .
A sample o f  th e  d en se r  phase  cou ld  be w ithdraw n when th e  c a p i l l a r y  co n n ec t­
io n  was a t  th e  bo ttom  o f  th e  s y r in g e .  I n v e r s io n  o f  th e  assem bly then  
p e r m i t t e d  a sample o f  th e  up p er  l a y e r  to  be  w ithdraw n .
Hunt (52) used a d i f f e r e n t  m ethod. The e q u i l ib r iu m  c e l l  c o n s i s t e d
o f  a s t a i n l e s s  s t e e l  c y l in d e r  c lo s e d  by a p i s t o n  o f  the  same m a t e r i a l .
S t a i n l e s s  s t e e l  c a p i l l a r y  sample l i n e s ,  were connec ted  to  th e  head o f  
th e  c y l in d e r  and to  th e  p i s t o n .  The c o n te n ts  o f  th e  e q u i l ib r iu m  c e l l  
w ere s t i r r e d  by a d r o p - s t i r r e r  a c t u a t e d  m a g n e t i c a l ly .  P r o v is io n  was 
made f o r  in t r o d u c in g  a f l u s h in g  s o lv e n t  i n t o  th e  sam pling  v a lv e s  which 
te rm in a te d  th e  c a p i l l a r i e s .
Most o f  th e  a p p a ra tu s  i n  th e  l i t e r a t u r e  used  to  s tu d y  vapour l i q u i d  
e q u i l i b r i a  a t  h ig h  p r e s s u r e  may be  used  w i th  o r  w i th o u t  minor changes to  
s tu d y  l i q u i d - l i q u i d  e q u i l i b r i a .  For i n s t a n c e  a t y p i c a l  ro ck in g  a u to c la v e  
has  been used  f o r  v a p o u r - l i q u id  e q u i l i b r i a  a t  h ig h  p r e s s u r e  by Bolshakovaand 
L in d s c h i t s  (5 3 ) .  The a p p a ra tu s  c o n s i s t s  o f  a  s t e e l  v e s s e l  c lo s e d  by a 
s t e e l  head  f i t t e d  to  a v a lv e  f o r  w ith d raw in g  sample from one o f  th e  p h a s e s .
A h ig h  p r e s s u r e  c ro ss  connec ted  to  th e  m idd le  o f  th e  v e s s e l .  A v a lv e  f o r  
removing sample o f  th e  o th e r  l a y e r  and a p r e s s u r e  gauge f i t t e d  to  th e  c r o s s .  
The whole u n i t  i s  submerged in  a l i q u i d  th e jn n o s ta t  so t h a t  i t s  a x is  i s  
h o r i z o n t a l .  The c e l l  i s  p iv o te d  a t  th e  m idd le  and can be  rocked  by an 
e c c e n t r i c  d r iv e  a t  one end. S t i r r i n g  i s  e f f e c t e d  by a r o l l i n g  s t e e l  b a l l  
i n  th e  c e l l .
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A s i m i l a r  a p p a ra tu s  to  t h a t  o f  Bolshakovawas des igned  by L ind roos  
and Dodge (54) which i n c o r p o r a t e s  a d r o p - s t i r r e r  a c tu a te d  from o u t s id e  
by a s6llz>noid. '■ J
These l a s t  two a p p a ra tu s e*can be used  w i th o u t  m o d i f ic a t io n  f o r  
l i q u i d - l i q u i d  e q u i l ib r iu m  s tu d y .  F i r s t  th e  v e s s e l  i s  charged w i th  one 
o f  th e  p u re  components. L a te r  th e  o t h e r  component i s  used as a p r e s s u r e  
t r a n s m i t t i n g  f l u i d  and fo r c e d  i n t o  th e  system  up to  a s p e c i f i e d  p r e s s u r e .  
A f t e r  hav in g  e s t a b l i s h e d  e q u i l i b r i u m ,  sam ples o f  each phase  a re  w ithdraw n 
and a n a ly s e d .
An e l e g a n t  a p p a ra tu s  f o r  h i g h - p r e s s u r e  v a p o u r - l i q u id  e q u i l ib r iu m  
has r e c e n t l y  been  d e s c r ib e d  by Rogers and P r a u s n i t z  (5 5 ) .  This a p p a ra tu s  
can be used  w i th o u t  any m o d i f i c a t io n  f o r  l i q u i d - l i q u i d  e q u i l ib r iu m  s tu d y  
a t  e l e v a te d  p r e s s u r e .
A c o m p ila t io n  o f  e x p e r im e n ta l  t e c h n iq u e s  i n  the  f i e l d  o f  h ig h  
p r e s s u r e  f l u i d - f l u i d  phase  e q u i l i b r i a  i s  p r e s e n te d  in  books by T s i k l i s  
( 1 3 ,5 6 ) ,  Weale ( 1 2 ) ,  and Rowlinson (1 4 ) .  S e v e ra l  rev iew  a r t i c l e s  have 
a l s o  r e c e n t l y  been p u b l i s h e d  by S c h n e id e r  ( 5 7 ) ,  Young (5 8 ) ,  S t r e e t  (5 9 ) .
1 .3  Measurement o f  Excess Volume
The excess  thermodynamic p r o p e r t i e s  o f  b in a ry  n o n - e l e c t r o l y t e  
m ix tu re sh av e  ga ined  much im portance  i n  r e c e n t  y e a r s  i n  c o n n ec t io n  w i th  
th e  th e o ry  o f  l i q u i d  m ix tu re s .  They p ro v id e  d a t a  to  t e s |  t h e o r i e s  and 
p ro v id e  a gu ide  f o r  the  fo rm u la t io n  o f  new t h e o r i e s .
I f  one de te rm ines  one o f  th e  m o la r  ex c e ss  q u a n t i t i e s  as  a f u n c t io n  
o f  te m p e ra tu re  T, p r e s s u r e  P ,  and c o m p o s i t io n  x ,  then  the  v a r i a t i o n  o f  
a l l  thermodynamic fu n c t io n s  may be  deduced u s in g  th e  w ell-know n therm o-
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dynamic r e l a t i o n s  which have been  d i s c u s s e d  in  s e v e r a l  t e x t  books (14 ,
1 5 ,6 0 ) .  Thus th e  p rob lem  o f  th e  thermodynamics o f  m ix tu re s  reduces  to  
th e  knowledge o f  one o f  th e  ex c e ss  q u a n t i t i e s  as a fu n c t io n  o f  T, P4 x .
There e x i s t  v a r io u s  methods o f  m easuring  te m p era tu re  dependence 
of excess  f u n c t io n s  which have r e c e n t l y  been  th ro u g h ly  rev iew ed  by 
Marsh (6 1 ) .  An e x t e n s iv e  b ib l io g r a p h y  has  a l s o  been r e p o r te d  on th e  
a v a i l a b l e  l i t e r a t u r e  o f  ex c e ss  f u n c t io n s  by H icks ( 6 ) .  However, v e ry  
l i t t l e  has been  ach iev ed  to  d e te rm in e  th e  p r e s s u r e  dependence o f  ex cess  
f u n c t io n s .  The ex cess  volume i s ,  so  f a r ,  th e  on ly  thermodynamic ex ce ss  
fu n c t io n  w hich may be m easured a c c u r a t e l y  under  h ig h  p r e s s u r e .  I t  can 
be e a s i l y  shown t h a t  th e  fo l lo w in g  r e l a t i o n s  h o ld  f o r  th e  p r e s s u r e  dependence 
o f  th e  ex ce ss  f u n c t i o n s :
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I t  can be seen  from t h i s  t h a t  th e  p r e s s u r e  d e r i v a t i v e s  o f  a l l  m ola r  
excess  fu n c t io n s  a re  co m p le te ly  d e s c r ib e d  by th e  m olar excess  volume ^  
as a f u n c t io n  o f  T, P, x .  The ex cess  f u n c t io n s  them selves  can be o b ta in e d  by 
i n t e g r a t i o n .  For i n s t a n c e ,  th e  m olar  ex ce ss  Gibbs energy by
GE (P) = ge ( p
• *  f VE dp f o r  c o n s ta n t s  T and x 1 .3 .5
^  £  r  g
where P i s  th e  r e f e r e n c e  p r e s s u r e  and G (P ) i s  th e  v a lu e  o f  G a t  t h a t
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p r e s s u r e .
There a re  two p r i n c i p a l  methods to  de te rm ine  volume change on 
m ixing a t  a tm o sp h er ic  and h ig h  p r e s s u r e .
1 .3 .1  A tm ospheric  P r e s s u re  Measurements
a) D i r e c t  method : In  t h i s  method p u re  l i q u i d s  a re  mixed in  a d i l a -  
to m e te r  and th e  r e s u l t i n g  volume change i s  o b se rv ed .  The com posi t ion  
o f  th e  m ix tu re  i s  de te rm ined  by w eigh ing  each  component b e f o r e  m ix ing .  
ATI o f  t h e . a p p a ra tu s  developed  f o r  d i r e c t  measurement o f  employs 
mercury to  c o n f in e  and s e g r e g a t e  th e  p u re  l i q u i d s  b e fo re  m ix ing .  The 
r e s u l t i n g  volume change i s  d e te rm in e d  from th e  mass o r  volume o f  m ercury  
d i s p la c e d  by th e  i s o th e r m a l ,  i s o b a r i c  m ix ing  p ro c e s s i  Most o f  the 
a p p a ra tu s  d e s c r ib e d  in  th e  l i t e r a t u r e  have been th o rough ly  rev iew ed  by 
B a t t in o  (62) and Marsh (6 1 ) .
b) I n d i r e c t  method : Here th e  d e n s i t y  o f  l i q u i d  m ix tu re s  i s  m easured 
a t  c o n s ta n t  te m p era tu re  and i s  deduced acc o rd in g  to
There a r e  v a r io u s  methods f o r  d e te rm in in g  d e n s i ty  a t  a tm o sp h e r ic  
p r e s s u r e  such  as pycknom etery d i lo ta m e te r y  buoyancy and h y d r o s t a t i c s .
The work i n  t h i s  f i e l d  has r e c e n t l y  been  th o ro u g h ly  rev iew ed by Bauer and 
Lewin (6 3 ) .
1 .3 .2  High P re s s u re  Measurements
a) D i r e c t  method : A w eighed amount o f  each  component i s  com pressed to
the  r e q u i r e d  p r e s s u r e  a t  c o n s ta n t  te m p e ra tu re  i n  q u e s t io n  and mixed. The 
r e s u l t i n g  volume change of m ixing i s  o b se rv ed  by some means.
x^Mj+x^M^
1 .3 .6
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D ir e c t  m easurem ent o f  ex c e ss  volume was r e c e n t ly  begun by E nge ls  
and S chne ide r  (6 4 ) .  They have d e v is e d  a h ig h  p r e s s u r e  d i l a t o m e t e r  which 
c o n s i s t s  o f  two chambers and a moving p i s t o n .  Pure l i q u i d s  a r e  s e g re g a te d  
w i th in  the  chambersby m ercu ry .  When th e  r e q u i r e d  c o n d i t io n s  a r e  a t t a i n e d ,  
the  whole sy stem  i s  i n v e r t e d  to  a c h ie v e  m ix ing .  The volume change o f  
m ixing  i s  c a l c u l a t e d  from th e  d e t e r m in a t io n  o f  th e  d is p la c e m e n t  o f  th e  
p i s t o n  which t r a n s m i t s  p r e s s u r e  to  th e  t e s t  m ix tu re  from the  h y d r a u l i c  
p r e s s u r e - g e n e r a t i n g  sys tem . The main d is a d v a n ta g e  of t h i s  method i s  t h a t  
each e x p e r im e n ta l  v a lu e  o f  V^(x) has  to  be o b ta in e d  from a s e p a r a t e  m ix ing  
t e s t .
b )  I n d i r e c t  method : A m ix tu re  o f  known com position  i s  made up a t
a tm ospheric  p r e s s u r e  and th e  c o m p r e s s i b i l i t y  o f  the  m ix tu re  i s  m easured .
Then the  excess  volume a t  h ig h  p r e s s u r e  i s  deduced u s in g  th e  c o m p r e s s i b i l i t i e s  
o f  th e  p u re  components a c c o rd in g  to
0 0
-  x V 1,P 2 ,P .
The c h i e f  ad v an tag es  o f  t h i s  method a re  t h a t  s e v e r a l  v a lu e s  o f  
V ^ P .x )  may be o b ta in e d  from s i n g l e  m ix tu re  and t h a t  th e  e x p e r im e n ta l  
te ch n iq u e  i s  u s u a l l y  s im p le .
The d is a d v a n ta g e  o f  t h i s  method i s  t h a t  the  r e s u l t s  a r e  s i g n i f i c a n t l y  
l e s s  a c c u ra te  th an  th o s e  o f  the  d i r e c t  m ethod. I t  i s  r e s t r i c t e d  to  system s 
which a re  co m p le te ly  m i s c ib le  und er  a l l  c o n d i t io n s  o f  i n t e r e s t ,  s i n c e  i t  
does n o t  employ any means o f  s t i r r i n g .  For in s ta n c e  i t  i s  n o t  p o s s i b l e  to  
cover  whole c o n c e n t r a t i o n  range when i m m is c i b i l i t y  d e c re a s e s  w i th  i n c r e a s i n g  
p r e s s u r e .
Excess volumes a t  h ig h  p r e s s u r e  o f  a number o f  b in a ry  l i q u i d  m ix tu re s  
may be deduced from com pression  d a t a  i n  the  l i t e r a t u r e  (6 5 ) .  Hammann and
ir  = vp -  x v
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Smith (66) have c o l l e c t e d  some o f  th e s e  and d e r iv e d  V d a t a .  They a l s o  
p ro v id e  t h e i r  own m easurem ents on s e v e r a l  o th e r  sy s tem s . The e f f e c t  o f  
p r e s s u r e  on th e  ex ce ss  volumes f o r  p ro p a n o n e -c a rb o n d is u l f id e  sy s tem  was 
c a l c u l a t e d  from e x p e r im e n ta l  measurements o f  c o m p r e s s ib i l i t y  c o r r e l a t e d  
by the  T a i t  e q u a t io n  by W innick and Powers (6 7 ) .
R e c e n t ly  Lamb and Hunt ( 6 8 ) ,  K orpe la  (6 9 ) ,  Gdtze (70) p u b l i s h e d  
d a ta  on v a r io u s  system s o b ta in e d  from a c c u r a te  P .V .T . d a ta  m easured  on 
d i f f e r e n t  m ix tu re s  and a l l  p u re  components.
1 .4  L iq u id -L iq u id  Phase  E q u i l i b r i a  i n  th e  3 M ethyl 2 Butanone-W ater 
Sys tern
1 .4 .1  At A tm ospheric  P r e s s u r e
A l i t e r a t u r e  su rv ey  has r e v e a le d  t h a t  v e ry  l i t t l e  d a ta  e x i s t s  on 
th e  m utua l s o l u b i l i t y  o f  t h i s  system  and t h a t  t h i s  l i e s  w i t h i n  a s m a l l  
te m p e ra tu re  ra n g e .
G innings e t  a l .  (71) d e te rm in ed  c o n ju g a te  co m p o si t io n s  a t  2 0 °C, 2 5 °C 
and 3 0 °C, when they  s y s t e m a t i c a l l y  i n v e s t i g a t e d  aqueous s o l u b i l i t i e s  o f  
some a l i p h a t i c  k e to n e s  t o  f i n d  a r e l a t i o n s h i p  betw een s o l u b i l i t i e s  and 
m o le c u la r  s t r u c t u r e .  The s a t u r a t e d  w a te r  c o n te n t  o f  th e  k e to n e s  a t  10°C, 
30°C and 50°C has  been  g iv e n  by Gross e t  a l .  (7 2 ) .  A l l  o f  th e s e  r e s u l t s  
a re  g iven  i n  T ab le  1 .1  and g raphed  in  F ig .  5 .1 .
1 .4 .2  At E le v a te d  P r e s s u r e  : The m utual s o l u b i l i t y  o f  t h i s  sy s tem  a t  30°C,
45°C, 60°C and p r e s s u r e s  up to  110 MN/m2 have been  s tu d i e d  by th e  s y n t h e t i c  
method d e s c r ib e d  in  Sec. 1 . 1 . 2 . a by S t e i n e r  and Schadow (2 1 ) .  T h e i r  e x p e r i ­
m en ta l  a p p a ra tu s  c o n s i s t e d  of a sm a l l  c e l l  o f  0 .6 7  ml volume equ ip p ed  w i th  
two s a p p h i r e  windows and a m anually  o p e ra te d  s t i r r e r .  P r e s s u r e  was t r a n s ­
m i t te d  from th e  h y d r a u l i c  f l u i d  to  th e  m ix tu re  under t e s t ,  th ro u g h  a p i s t o n .
-  29 -
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Q u a l i t a t i v e l y  th e  r e s u l t s  o f  S t e i n e r  and Schadow a r e  r e p r e s e n te d  
by th e  s k e tc h  o f  F ig .  1 .1  in  which the  r e g io n  o f  i m m i s c i b i l i t y  i s  
i n d i c a t e d  by c ro s s  h a t c h in g .  F ig .  1 .1  shows two upper c r i t i c a l  s o l u t i o n  
p r e s s u r e s  and a low er c r i t i c a l  s o l u t i o n  p r e s s u r e  in  any open m i s c i b i l i t y  
loop . A T -x  d iag ram  i n  the  p la n e  P = P 1, th e n ,  c o r re sp o n d in g  to  s e c t i o n  
ABCD o f  th e  T -P -x  sp ace  has th e  form as s t a t e d  e a r l i e r  and i n d i c a t e d  by 
F ig .  I . 3 . b .
E x t r a p o l a t i o n  o f  th e  P(x) curves f o r  th e  t h r e e  te m p e ra tu re s  g iv en  by 
S t e i n e r  and Schadow s u g g e s ts  t h a t  a t  am bient p r e s s u r e s  th e  c o n s o lu te  
te m p e ra tu re s  may l i e  a round -  10°C and + 20°C. Such a sy s tem  would show 
i n t e r e s t i n g  p r o p e r t i e s  o v e r  the  te m p era tu re  range  betw een two L .C .S .T .Ts .
1.5  2 B utano1-W ater  System
1 .5 .1  M easurements a t  A tm ospheric  P r e s s u re
The m u tu a l  s o l u b i l i t y  o f  2 -b u ta n o l -w a te r  system  has  been  s tu d i e d  by 
s e v e r a l  i n v e s t i g a t o r s ,  s t a r t i n g  b e fo re  the  end of l a s t  c e n tu r y .  The f i r s t  
r e p o r te d  d a t a  were o b ta in e d  by A le x je f f  (25) by th e  s y n t h e t i c  method as 
d e s c r ib e d  in  S e c t io n  1 . 1 .2 .  Fo llow ing  A l e x j e f f ,  Timmermans ( 7 3 ) ,  D olgolenko 
(7 4 ) ,  D e lc u r t  ( 7 5 ) ,  Jones  (76) have p ro v id e d  f u r t h e r  p o i n t s  on the  dem ixing 
c u rv e .
M utual s o l u b i l i t i e s  o f  t h i s  system  were a l s o  s tu d i e d  by Boeke and 
Hanewald (77) u s in g  H e r t z ’ s method; t h a t  i s  add ing  one p u re  l i q u i d  to  th e  
o th e r  up to  s a t u r a t i o n  p o i n t  a t  c o n s ta n t  p r e s s u r e  and t e m p e ra tu r e .  D i r e c t l y  
de te rm ined  t i e - l i n e s  have a l s o  been o b ta in e d  by an a n a l y t i c a l  method based  
on r e f  r a c  tome t r i e  measurements by A ltzybeeva  e t  a l .  ( 7 8 ) ,  M o rach eu sk ii  e t  
a l .  (79) and M oriyoshy e t  a l .  (5 1 ) .
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MASS FRACTION OF 2 BUTANOL
C .S .T , v  Timmermans (73) T ie -L in e s  •  M oracheusk ii  (79)
* A lexejew  (25) A M oriyoshy (51)
□ D e lc o u r t  (75) ▼ A ltsy b e e v a  (78)
■ Dolgolenko (74)
O Timmermans (19)
X Beoke (77)
F ig .  1 .2  L iq u id -L iq u id  E q u i l ib r iu m  Data o f  V arious Workers f o r  th e
2 B u tano l-W ater  System.
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A l l  o f  th e  a v a i l a b l e  l i t e r a t u r e  d a t a  a re  graphed  in  F ig .  1 .2 .
1 .5 .2  Measurements a t  E le v a te d  P r e s s u r e
The m u tu a l  s o l u b i l i t y  o f  th e  system  2 b u ta n o l - w a te r  as a f u n c t io n  
o f  p r e s s u r e  was f i r s t l y  s tu d ie d  i n  an o p t i c a l  c e l l  by Timmermans (73) 
who has  d e te rm in e d  an i s o p l e t h  w i th  a m ix tu re  o f  "m idd le  range  com position"  
( th e  e x a c t  v a lu e  o f  com position  i s  u n c e r t a i n ) ,  w h i le  S ch n e id e r  and Russo 
(2 3 ) ,  s tu d y in g  th e  in f lu e n c e  o f  added s a l t  on th e  m utua l s o l u b i l i t y  o f  t h i s  
sy s tem , have  o b ta in e d  an i s o p l e t h  w i th  a m ix tu re  o f  36.5% by w e ig h t  2 
b u ta n o l .  T h e i r  o b s e rv a t io n  was e f f e c t e d  in  an o p t i c a l  c e l l .
The in f l u e n c e  o f  p r e s s u r e  on th e  m u tu a l  s o l u b i l i t y  o f  t h i s  system  
was d e te rm in e d  a n a l y t i c a l l y  by Moriyoshy e t  a l .  (51) i n  th e  te m p e ra tu re  
ran g e  10 to  110°C. T h e i r  e x p e r im e n ta l  a p p a ra tu s  i s  d e s c r ib e d  in  Sec.
1.2  .1 .  b .
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CHAPTER 2
RELEVANT THERMODYNAMICS
2 .1  Thermodynamics o f  P a r t i a l l y  M isc ib le  L iq u id s
2 .1 .1  E q u i l ib r iu m  C ond it ions  
The b a s i c  thermodynamic e q u a t io n s  o f  s t a t e  f o r  a c lo se d  system
a r e :
dH = TdS + VdP 2 .1 .1
dG = VdP -  SdT 2 .1 .2
dF = -  SdT -  PdV 2 .1 .3
dE = -  PdV + TdS 2 . 1 . A
The thermodynamic req u ire m en t  o r  c r i t e r i o n  t h a t  must be s a t i s f i e d  f o r  
an e q u i l ib r iu m  s t a t e  to  e x i s t  i s  t h a t  one o f  th e  fo u r  e q u a t io n s  above 
must be  z e ro ,  when a p p r o p r ia te  in d e p e n d e n t  v a r i a b l e s  a r e  h e ld  c o n s ta n t  
(8 0 ) .  Each o f  th e s e  fo u r  c r i t e r i a  w i th  d i f f e r e n t  s e t s  o f  c o n s t r a i n t s  
f o r  e q u i l ib r iu m  i n  a c lo s e d  system  i s  s u f f i c i e n t  by i t s e l f .  They a re  
a l l  e q u i v a l e n t  and each has an eq u a l  c la im  to  be reg a rd ed  as fun d am en ta l .  
S ince  T i s  a more co n v en ien t  in d e p en d en t  v a r i a b l e  th an  S and P i s  a  more 
c o n v e n ie n t  v a r i a b l e  th an  V, the  c r i t e r i o n
dG = 0 , dT = 0 ,  dP = 0 2 .1 .5
i s  most u s e f u l ,  b u t  i n  no way more fundam en ta l th an  th e  o t h e r s .  I t  shows 
t h a t  a t  c o n s t a n t  te m p era tu re  and p r e s s u r e  Gibbs ene rgy  te n d s  tow ards an  
extremum i n  an  a c t u a l  o r  i r r e v e r s i b l e  p ro c e s s  i n  a c lo se d  sy stem  and 
rem ains c o n s t a n t  i n  a r e v e r s i b l e  p r o c e s s .
More u s e f u l  c r i t e r i a  may be o b ta in e d  (15) i n  terms of  th e  i n t e n s i v e
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q u a n t i t i e s  T, P and y^ . In  o rd e r  to  have th e rm a l  and m echan ica l 
e q u i l ib r i u m  i n  th e  system  te m p e ra tu re  and p r e s s u r e  must be uniform
th ro u g h o u t  th e  whole system . I f  y^ i s  th e  i n t e n s i v e  p o t e n t i a l
g o v ern ing  mass t r a n s f e r ,  i t  shou ld  a l s o  have a un ifo rm  v a lu e  th ro u g h ­
o u t  th e  whole h e te ro g en eo u s  system  a t  e q u i l ib r i u m  w ith  r e s p e c t  to  t h i s  
p r o c e s s .  :
2 .1 .2  S t a b i l i t y  C o n d it io n
The s t a b i l i t y  c o n d i t io n  f o r  a b in a ry  m ix tu re  may be e s t a b l i s h e d  
by c o n s id e r in g  a s t a b l e  b in a ry  system  a t  c o n s t a n t  te m p e ra tu re  and 
p r e s s u r e  (G, n ,  x ) . I f  one d iv id e s  t h i s  system  i n t o  two n e ig h b o u r in g  
p h ases  by a v i r t u a l  p r o c e s s ,  one b e in g  (G + AG’ , n ’ , x + A x ') ,  the 
o th e r  (G +AG", n " ,  x + A x"), th en  th e  fo l lo w in g  argument may be c a r r i e d  
o u t :
The n e ig h b o u r in g  c o n d i t io n ,  r e q u i r e s  th e  mass and energy  c o n s e r v a t io n ,  
t h e r e f o r e  th e  s t a b i l i t y  c r i t e r i a  can  be w r i t t e n
c o n s id e r in g  G as a n a l y t i c  ( i . e .  co n t in u o u s  f u n c t i o n  o f  x th rough  s t a b l e  
and u n s ta b l e  p h a s e s ) ,  i t  can be e x p re s s e d  i n  a T a y lo r  s e r i e s  expanded 
around the  c r i t i c a l  p o in t  ( o r  a p o i n t  on th e  c r i t i c a l  l i n e  o r  s u r f a c e )
2.1.6
p  T _  pi t  _  p l l f 2 .1 .7
2 . 1. 8
AG = n 1AG’ + n"AG" > 0 2 .1 .9
n = n ’ + n" 2 . 1 .10
nx = n ’ (x + Ax’ ) + n " (x  + Ax") 2 . 1.11
n ’Ax’ + n"Ax" = 0 2 . 1.12
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AG1 = Ax' + -3x 2 3x2
2 .1 .1 3
In  a s i m i l a r  way
AG-  = | £  Ax-  + i 32g'
^3x2'
Ax"2 + . . . 2 .1 .1 4
S u b s t i t u t i n g  Ax" = -  -2^ Ax'n
* /-i l l  A I 1
AG = ~ W ! t e hX + 2
fn'l 2
OCM<ro
\  J *3x 2-
Ax12 + . 2 .1 .1 5
The s u b s t i t u t i o n  o f  Eq. 2 ,1 .1 3  and Eq. 2 ,1 ,1 5  i n t o  E q . 2 .1 .9  g iv e s
AG = —  (Ax’ ) 2 + 0 (A x ') 3 > 02n’ 2 .1 .1 63x2
Hence as Ax' 0
32G > 0 2 .1 .1 7
3x"
T his  i n e q u a l i t y  has a s im p le  g e o m e tr ic  i n t e r p r e t a t i o n .  I f  f o r  a i 
g iv e n  v a lu e  o f  T and P , G i s  p l o t t e d  as  a fu n c t io n  of x ,  th en  t h i s  e q u a t io n  
e x p re s s e s  th e  f a c t  t h a t  f o r  th e  system  to  b e  s t a b l e ,  th e  curve  m ust be 
convex downwards. On th e  o th e r  hand , i f  the  system  can a c h ie v e  a low er 
Gibbs energy  by forming two phases  betw een  c e r t a i n  v a lu es  o f  x ,  th an  by 
fo rm ing  a s i n g l e  p h ase ,  th e  system  c e a se s  to  be  s t a b l e  and s p l i t s  i n t o  two 
p h a s e s .  In  t h a t  c o n c e n t r a t io n  range  G(x) cu rve  must be convex upw ards, 
u n le s s  th e r e  a re  s a id  to  be m e ta s ta b le  c o n d i t i o n s .
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2 .1 .3  D e te rm in a t io n  o f  E q u i l ib r iu m  Phase  Compositions
The com p o si t io n s  o f  the  two phases  t h a t  w i l l  r e s u l t  from the  
s e p a r a t io n  o f  th e  m ix tu re  o f  o v e r a l l  c o m p o s i t io n  x may be c a l c u l a t e d  
in  th e  fo l lo w in g  manner: s in c e  th e  chem ica l p o t e n t i a l s  a re  p a r t i a l  
m olar q u a n t i t i e s ,  one may w r i t e  i n  view of Eq. 2 .1 .8
y '  = G' -1
3G
3x. = y = G" -
P ,T
9G
3x.
P,T
2 .1 .1 8
y* = Gf + x ’ 3G = y" = G" + x"
P ,T
S u b t r a c t io n  o f  th e s e  e q u a t io n s  g iv e s
3G
3x,
P ,T
2 .1 .1 9
3G ’ 3G '
.9x2. [ax2J
P ,T  P ,T
and s u b s t i t u t i o n  in  Eq. 2 .1 .1 8  g iv e s
2.1 .20
G'-G"
x ’-x "
2 2
3G
3x
P ,T
2 . 1.21
These l a s t  two c o n d i t io n s  have a g e o m e tr ic a l  s i g n i f i c a n c e .  The two 
com positions  r e p r e s e n t in g  th e  l i m i t s  o f  com plete  m i s c i b i l i t y  xj , x '^ 
have a common ta n g e n t  to  th e  f u n c t io n  G(x) a t  c o n s ta n t  T and P. The 
Gibbs energy  o f  th e  system  w i th  two p h ases  o f  d i f f e r e n t  com p o si t io n  i s  
g iven  by th e  ta n g e n t  l i n e  which c l e a r l y  r e p r e s e n t s  a c o n d i t io n  o f  low er 
Gibbs energy than  any s i n g l e  p h ase  o f  in t e r m e d i a t e  co m p o s i t io n .  This  i s  
s c h e m a t ic a l ly  d e p ic te d  in  F ig .  2 . 1 .  Along th e  ta n g e n t  l i n e ,  th e  sy stem  
e x i s t s  as two e q u i l ib r iu m  phases  .o f  co m p o si t io n s  x* and x" d e te rm in ed  by 
p o in t s  o f  tangency . As th e  m i s c i b i l i t y  gap narrow s and th e  c o n s o lu te  
p o i n t  i s  app roached ,  th e s e  two p o in t s  approach  each  o th e r  and f i n a l l y
3G
3x
• 3x
x ■*
F ig .  2 .1  Com position Dependence o f  Gibbs Energy and i t s  
D e r i v a t i v e s .
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merge a t  th e  c o n s o lu te  p o i n t ,  as do th e  two p o in t s  o f  i n f l e c t i o n  A and 
B.
From t h i s  i t  can b e  seen  t h a t  phase  s p l i t t i n g  occu rs  w henever th e
G(x) curve has  p o in t s  o f  i n f l e c t i o n .  This c o n d i t io n  has  been  d i s c u s s e d
by s e v e r a l  a u th o r s  ( 7 ,1 4 ,6 0 ,8 0 )  and r e q u i r e s  t h a t  the  second and th .icd
d e r i v a t i v e s  a r e  z e ro  a t  a c o n s o lu te  p o i n t ,  b u t  the  f o u r th  d e r i v a t i v e  i s  
p o s i t i v e :
W g \
3x2'
f a V
= 0 , f a V 1
P ,T ,c ax3*
= 0 2 . 1 .22
P ,T ,c
ax1^
> o 2 .1 .2 3
P ,T ,c
2 .1 .4  I d e n t i f i c a t i o n  o f  a C on so lu te  P o in t
In  th e  i d e n t i f i c a t i o n  o f  a c o n s o lu te  p o i n t ,  one o f  th e  s im p l e s t  
methods c o n s i s t s  o f  c o n s id e r in g  th e  s ig n  o f  s lo p e  o f  th e  s t a b i l i t y  curve 
around th e  c o n s o lu te  p o i n t .  The e x p r e s s io n  f o r  th e  s lo p e  o f  th e  dem ixing  
curve may be o b ta in e d  by c o n s id e r in g  a p o i n t  on th e  s t a b i l i t y  cu rv e  n e a r  
th e  c o n s o lu te  p o i n t  ( y ^ , x ^ ) , where y = P o r  T •
y -  y, = Ay x - = Ax 2 .1 .2 4
a2GThen expanding th e  f u n c t i o n  y (x )  and -—— (y ,x )  of th e  s t a b i l i t y  cu rv e
3x2
around t h a t  p o i n t  i n t o  a T a y lo r  s e r i e s ,  one o b ta in s
Ay =  t o .dx Ax + 21
t o x
■dx2*
Ax2 + 2 .1 .2 5
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2„ r 3 3(03jG
3 x 2
2 !
k3x3'
Ax + ^ 3G '
^ x 1*
l 3x23yJ 
Ax? + 2 ^
Ay +
3x33y
AyAx + ( V g
3x2 3y2
Ay' + = 0 2 .1 .2 6
• • dv d y .The d e r i v a t i v e s  , — — a r e  a long  th e  s t a b i l i t y  cu rv e ,  and th e
dx2
p a r t i a l  d e r i v a t i v e s  o f  G w i th  r e s p e c t  to  x a r e  s u b j e c t  to  th e  c o n d i t i o n  
e i t h e r  dT = 0 o r  dP = 0 .
At the  c o n s o lu te  p o i n t  
one o b ta in s
i n t  f e
= 0 , so from Eq. 2 .1 .2 5  and Eq. 2 .1 .2 6
f£jrl
'‘dx2-
3x^
2 .1 .2 7
3dG
‘32x23y/'c
a) C o n d it io n  o f  upper and low er c r i t i c a l  s o l u t i o n  te m p e ra tu re .
I f  one r e p la c e s  y w i th  T i n  Eq. 2 . 1 .2 7 ,  th e  denom inator i s  e q u a l  
to  (3 2S /3 x2) i n  th e  l i g h t  of Eq. 2 . 1 .2
r3 V
d2T
dx2 32S 
3x2
2 .1 .2 8
D i f f e r e n t i a t i o n  o f  th e  e q u a t io n  w hich d e f in e s  the  m olar  Gibbs ene rgy  
G = H -  TS g iv e s
t o ^32G = 32H -  T [V s ]
U x 2^ '*3x2^ '“3x 2^
2 .1 .2 9
T,P T,P T,P
In  view o f  Eq. 2 .1 .2 2 ,  t h i s  e q u a t io n  i s  e q u a l  to  zero  a t  a c o n s o lu te
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p o in t .  I t  i s  s e e n  from Eq. 2 .1 .2 8  and Eq. 2 .1 .2 9  t h a t  th e  fo l lo w in g  
r e l a t i o n s  h o ld  a t  an U .C .S .T .
d2T
< 0 ’
[V s ]
< o .
'a 2H
kdx2-n w3x2' c k3x2-
< 0 2 .1 .3 0
and a t  a L .C .S .T .
rd2Ti moA ( V s l > 0 , 32H
•dx2*c k3x2' c ‘3x2-
> 0 2 .1 .3 1
These c o n d i t io n s  r e l a t e  th e  n a t u r e  o f  the  c r i t i c a l  s o l u t i o n  te m p e ra tu re  
to  the  c u r v a tu r e  o f  th e  e n th a lp y -c o m p o s i t io n  d iagram . In  c a se  o f  an 
U .C .S .T . one has  a cu rve  such as i n  F ig .  2 .2  a 1 which i s  concave; w h i le  
f o r  a L .C .S .T .  one has  a cu rve  such as a w hich i s  convex. I n  p r i n c i p l e ,  
o f  c o u rs e ,  th e  cu rv es  can have more co m p lica ted  shapes such  as F ig .  2 .2  
a * a q in  w hich  th e  c u r v a tu r e  changes w i th  c o n c e n t r a t i o n .4 3
/
I f  one compares T(x) cu rves  w i th  H(x) curves i n  F ig .  2 . 2 ,  one may 
w e l l  say t h a t  th e  cu rve  a  ^ c o r re sp o n d s  to  b j ,  a2 to  b 2 and so  on. In  
t h i s  r e s p e c t  S k in n e r ’ s (20) and S t e i n e r ’ s (21) r e s u l t s  have some 
t h e o r e t i c a l  b a c k in g .
b) C o n d it io n  f o r  up p er  and lower c r i t i c a l  s o l u t i o n  p r e s s u r e
R ep lac in g  y w i th  P in  Eq. 2 .1 .2 7  and e v a lu a t in g  th e  v a lu e  o f  th e
. d2P 
dx2
Eq. 2
' a V
U x uJ c
32v'
^3x2'
2 .1 .3 2
I>
a.
<
Ii-
z
hi
C O M P O S IT IO N
F j g . 2  2  a E N T H A L P Y  OF BINARY MI XTURE
LU
tr
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Fig. 2 . 2.b -CONSOL UT E T E M P E R A T U R E  OF B INARY
M I X T U R E
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T h ere fo re  a t  an upper c r i t i c a l  s o l u t i o n  p r e s s u r e  i n  an i s o th e r m a l  POO 
diagram
c) C o n d it io n  f o r  an h y p e r - c r i t i c a l  s o l u t i o n  p o i n t
An h y p e r - c r i t i c a l  s o l u t i o n  p o i n t  CH.P.) i s  d e f in e d  as a  p o i n t  i n  a 
T ,x  i s o b a r  o r  i n  a P ,x  i s o th e rm  a t  which an upper  and a low er c o n s o lu te  
p o i n t  merge t o g e t h e r .  As sk e tc h e d  in  F ig .  l . d  and g ,  th e r e  a r e  two k in d s  
o f  h y p e r - c r i t i c a l  p o i n t s  i n  an i s o b a r  (H .C .T .l  and H .C .T .2 )  and i n  an 
iso th e rm  ( H .C .P . l  and H. C .P .2 ) .  The thermodynamic r e q u i r e m e n t  a t  a h y p e r ­
c r i t i c a l  p o i n t  may be deduced from th e  s im u l ta n e o u s  f u l f i l m e n t  o f  th e  
c r i t e r i a  f o r  th e  c o n s o lu te  s o l u t i o n  p o in t s  i n  q u e s t i o n .  In  th e  d e d u c t io n  
of  th e s e  r e q u i re m e n ts  one sh o u ld  a l s o  s p e c i f y  w he the r  th e  H .P. i s  th e  
beg in n in g  o r  th e  end o f  th e  i m m i s c i b i l i t y . The c o n d i t io n s  f o r  e i g h t  
p o s s i b l e  ty p e s  o f  h y p e r - c r i t i c a l  s o l u t i o n  p o i n t  where deduced and 
d is c u s s e d  by S c h n e id e r  ( 7 ) .
2 .2 .  Excess P r o p e r t i e s  o f  S o lu t io n s
The d eg ree  o f  d e v i a t i o n  o f  a n o n - id e a l  s o l u t i o n  from th e  i d e a l  
s o l u t i o n  i s  e x p re s s e d  by th e  excess  p r o p e r t i e s .  An ex ce ss  p r o p e r t y  i s  
d e f in e d  as th e  d i f f e r e n c e  between an a c t u a l  p r o p e r ty  and th e  p r o p e r t y  
t h a t  would be c a l c u l a t e d  a t  some s ta n d a rd  s t a t e  by the  e q u a t io n s  f o r  an 
i d e a l  s o l u t i o n .  Thus, by d e f i n i t i o n ,  th e  m o la r  thermodynamic p r o p e r t i e s  
o f  a b in a ry  m ix tu re  a re  r e l a t e d  to  th o se  o f  ex ce ss  p r o p e r t i e s
2 .1 .3 3
a t  a lower c r i t i c a l  s o l u t i o n  p r e s s u r e
2 . 1 .3 4
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V = Xxv j + x V° 2 2
+
H = x ^ J + X2H2
+ he
S = X js ; + X2S2
ER C x^n  x 1 + x2Jln x2) + S
G = x xy j + x2w“ +
E
RTCx^n Xj^  + x2Jln x2) + G
2 . 2. 1  
2 .2 . 2
2 . 2 . 3
2 . 2 . 4
The ex ce ss  p r o p e r t i e s  of a s o l u t i o n  a r e  thermodynamic p r o p e r t i e s  i n  
t h e i r  own r i g h t  and a re  f u n c t io n s  o f  te m p e ra tu re ,  p r e s s u r e  and c o m p o s i t io n  
which a r e  th e  fav o u red  e x p e r im e n ta l  v a r i a b l e s .  T h e i r  use  r e q u i r e s  a c l e a r  
s p e c i f i c a t i o n  o f  the  s ta n d a rd  s t a t e  to  which they  r e f e r .
E xcess  p r o p e r t i e s  may be e x p re s se d  in. term s o f  a u x i l i a r y  f u n c t i o n s  
such as a c t i v i t y  c o e f f i c i e n t .  One o f  the  most c o n v en ien t  d e f i n i t i o n s  o f  
a c t i v i t y  c o e f f i c i e n t  i s
P1 = + RT Jin x Jy 1 2 . 2 .5
The t o t a l  Gibbs energy  o f  a b in a r y  m ix tu re  i s  g iven
G = + x y 2 . 2 .6
s u b s t i t u t i o n  o f  Eq. 2 .2 .5  i n t o  Eq. 2 .2 .6  g iv es
G = x 1y j  + x2y® + Xj£n x 1 + x 2Jln x 2 + XjJlnyj + x 2Jlny2 2 . 2 .7
com parison o f  Eq, 2 .2 ,4  and Eq. 2 . 2 .7  y i e ld s
ge
~  = x x £ny j + x2Jlny2 2 . 2 . 8
By m u l t ip ly in g  t h i s  e q u a t io n  by n (=  n^ + n 2) and d i f f e r e n t i a t i n g  a t  
c o n s ta n t  te m p e ra tu re  and p r e s s u r e  one o b ta in s
nG *
RT = n^d Jlny^ + n 2d ^ny2 + Jlny^dn^ + Jlny2dn2 2 . 2 .9
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Under th e  c o n d i t io n  o f  c o n s ta n t  T and P ,  th e  f i r s t  two term s on th e  
r ig h t - h a n d  s i d e  a r e  z e ro  as fo l lo w s  from the  w ell-know n Gibbs-Duhem 
e q u a t io n ,  t h e r e f o r e
3(nG /RT).
3n. 2 . 2 .10
T,P >n2
This e q u a t io n  s u g g e s ts  t h a t  Any^  ^ i s  r e l a t e d  t o  GE/RT as a p a r t i a l  m olar  
p ro p e r ty .
The u p p e r  and low er c r i t i c a l  s o l u t i o n  te m p e ra tu re  p o in t s  o f  a 
b in a ry  s o l u t i o n  may be  d e f in e d  i n  terms o f  th e  b e h a v io u r  o f  th e  excess  
f u n c t i o n s .  The d i f f e r e n t i a t i o n  o f  Eqs. 2 ; 2 . 1 - 4  w i th  r e s p e c t  to  x y i e l d s  
th e  fo l lo w in g  e q u a t io n s :
V v 1
'3x2> T,P 'a x 2 - T,P
32H fa2HEl
*3x2' T,P '3x2 - T,P
32s ' R 32SE'
‘3x2- T r>
x ( l - x )  ■ ^3x2 -
2 . 2 . 11
2 .2 .12
2 .2 .1 3
T,P
32G RT 32GE*
^3x2' x ( l - x ) k3x2 '
2 .2 .1 4
T,P T,P
3 GSince f o r  a p h ase  t o  be s t a b l e  -----  must be p o s i t i v e ,  i t  a l s o  fo l lo w s
3x2
t h a t  a t  th e  c r i t i c a l  com position  b u t  a t  a te m p e ra tu re  j u s t  above the  
U .C .S .T . o r  j u s t  below th e  L .C .S .T .
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32GE
9x“
RT
x ( l - x ) 2 . 2 .1 5
RTt h a t  i s .  th e  c u r v a tu r e  o f  G(x) i s  l e s s  th an  v  a t  th e  c r i t i c a l -x ( l - x )
p o i n t .  This  c r i t e r i o n  i s  r i g o r o u s ,  b u t  e x p e r im e n ta l ly  i n a c c e s s i b l e  
From Eq. 2 . 1 .2 9 ,  Eq. 2 .2 .1 2  and 2 .2 .1 4  one o b t a i n s :
32GE == 32HE> -  T
f o E^32S
^3x2 ' ^3x2 ^3x2
2 .2 .1 6
T,P T,P T,P
In  view o f  Eq. 2 . 1 .2 2 ,  Eqs. 2 .2 .1 1 -1 4  and Eq. 2 .2 .1 6 ,  th e  fo l lo w in g  
c o n d i t io n s  h o ld  a t  an U .C .S .T .
and a t  a L .C .S .T .
f 32HEj
< o , 32SE 3 ^ '
'‘Sx2 c 3x2  ^ 3x2'
+ =  0 x ( l - x )  < 2 .2 .1 7
32HE'
3x2 .
> 0 f32SEl
3x2
R > o 2 .2 .1 8
In  a s i m i l a r  way from Eq. 2 .1 .3 3 ,  2 .1 .3 4  and Eq. 2 .2 .1 1  th e  c o n d i t io n  
a c o n s o lu te  p r e s s u r e  may be deduced. Thus a t  an U .C .S .P .
9x2 "
2 .2 .1 9
and a t  an L .C .S .P .
■3x2 '<
< 0 2 . 2 .2 0
f o r
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2 .3  E m p ir ic a l  and S em iem p ir ica l  E x p re s s io n s  f o r  th e  Excess Gibbs Energy
A com ple te  thermodynamic d e s c r i p t i o n  o f  a m ix tu re  can be g iven  
i f  th e  m olar  ex cess  Gibbs energy  i s  known as  a f u n c t io n  o f  te m p e ra tu re ,  
p r e s s u r e  and co m p o si t io n  which a re  th e  m ost fa v o u red  e x p e r im e n ta l  
v a r i a b l e s .
From th e  a p p r o p r i a t e  d i f f e r e n t i a t i o n  o f  th e  e x p re s s io n  f o r  the  
m olar  ex ce ss  Gibbs energy  a l l  o f  the  ex ce ss  func tionsm ay  be deduced as 
d is c u s s e d  in  s e v e r a l  t e x t  books (1 4 ,6 0 ) .  Thus
when th e  v a lu e s  o f  ex cess  p r o p e r t i e s  a r e  deduced , any m olar  thermodynamic 
p r o p e r ty  can be o b ta in e d  by s im ple  a d d i t i o n  o f  a p p r o p r i a t e  i d e a l  p r o p e r ty .
A lthough  c l a s s i c a l  thermodynamics imposes c e r t a i n  g e n e ra l  r e q u ire m e n ts
forms t h a t  m ig h t be r e a s o n a b le  f o r  such  e q u a t io n s .  T h e re fo re  they  must be
e s t a b l i s h e d  e i t h e r  e m p i r i c a l l y  o r  on th e  b a s i s  o f  some m o le c u la r  th e o ry .
S ince  we do n o t  y e t  p o s se s s  an a c c u ra te  s t a t i s t i c a l  m echan ica l  d e s c r i p t i o n
o f  a l i q u i d  m ix tu r e ,  in  e i t h e r  case  e m p i r i c a l  p a ra m e te rs  have to  be
in t r o d u c e d .  From b o th  a p r a c t i c a l  and a t h e o r e t i c a l  s t a n d p o i n t ,  i t  i s
d e s i r a b l e  to  l i m i t  the  number o f  p a ra m e te rs  u sed  and a t  th e  same tim e develop  
Ee x p re s s io n s  f o r  G which a re  o f  g e n e r a l  a p p l i c a b i l i t y .  However th e  trem endous 
com plex ity  and v a r i e t y  o f  l i q u i d  m ix tu re s  p r e v e n t s  an a c c u r a te  r e p r e s e n t a t i o n  
o f  many m ix tu re  p r o p e r t i e s  by a s i n g l e  m a th e m a tic a l  e x p r e s s io n  c o n ta in in g
2 . 3 .1
S,E 2 .3 .2
3(GE/T) H,E 2 .3 .33T T
on e q u a t io n s  used  to  r e p r e s e n t  G , i t  o f f e r s  no c lu e s  as to  th e  f u n c t i o n a l
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a sm a l l  number o f  p a ra m e te r s .
In  e v a l u a t i n g  th e  u s e fu ln e s s  o f  a  g iv e n  p ro ced u re  f o r  p r e d i c t i n g  
p r o p e r t i e s ,  d i s c e r n i n g  the  number o f  e m p i r i c a l  p a ra m e te rs  i s  th e  key .  
A ccu ra te  p r e d i c t i o n  i s  the  goa l  of any t e c h n iq u e .  However, when t h i s  
acc u racy  m ust be p a id  f o r  w ith  a l a r g e  number o f  e m p i r ic a l  p a ra m e te rs  i t s  
v a lu e  i s  d im in ish ed  i n  two ways. F i r s t ,  th e  amount o f  d a ta  needed  to  
e v a lu a te  th e  p a ra m e te rs  in c r e a s e s  r a p i d l y  w i th  t h e i r  number, second , 
th e  r e l i a b i l i t y  f o r  e x t r a p o l a t i o n  o f t e n  d im in ish e s  beyond th e  bounds 
over which d a t a  have been  ta k e n .
Numerous a t te m p ts  have been  made to  p r e d i c t  s o l u t i o n  b e h a v io u r  
from p u re  component p r o p e r t i e s  o n ly .  Very l i t t l e  has been a c h ie v e d  so 
f a r .  I f  t h e r e  were an e q u a t io n  o f  s t a t e  c a p a b le  o f  a p p l i c a t i o n  to  
l i q u i d  m ix tu re s  under  a l l  c o n d i t io n s ,  t h e r e  would be no need  to  d e a l  
w i th  ex cess  p r o p e r t i e s  a t  a l l ;  th e  s o l u t i o n  p r o p e r t i e s  o f  i n t e r e s t  cou ld  
be d i r e c t l y  c a l c u l a t e d .
2 .3 .1  Van L aa r  E q u a t io n  (81)
To c a l c u l a t e  th e  energy  change o f  m ixing  Van L aa r  c o n s t r u c t e d  a t h r e e -  
s te p  i s o th e r m a l  thermodynamic c y c l e ,  by assum ing t h a t  b o th  th e  ex cess  
e n tro p y  and volume a re  z e ro .  He then  a p p l i e d  th e  Van d e r  Waals e q u a t io n s  
to  f l u i d s  and f l u i d  m ix tu re s  and c a l c u l a t e d  th e  i n t e r n a l  energy  change in  
each s t e p .  Thus
AEE = AE, + AE + AE- 2 . 3 .41 2 3
where
AEj i s  th e  energy to  e v a p o ra te  p u re  l i q u i d s  to  i d e a l  gases
AE^ i s  energy  to  mix i d e a l  gases
AEg i s  energy  to  condense i d e a l - g a s  m ix tu re  to  l i q u i d  m ix tu re
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Here AE2 = 0 ,  and AEj and AEg may be found i f  the  f u n c t i o n a l  dependence 
o f  volume V on the  i n t e r n a l  ene rgy  E i s  known
'8E = T 'apav
V J T 8Tv  /
-  P 2 .3 .5
V
This e q u a t io n  was a p p l ie d  to  b o th  p u re  components and to  th e  m ix tu re  
u s in g  th e  u s u a l  e m p i r ic a l  m ix ing  r u l e s  f o r  th e  Van d e r  Waals c o n s ta n t s  
a and b ,  and th e  r e s u l t  f o r  th e  ex ce ss  Gibbs energy  i s  g iv en  as
ge  -  ee  =
XlX2blb2
Xl V X2b2
Va^ . / a2' 2 .3 .6
This  form o f  th e  Van L aar e q u a t io n  i s  g iv e n  by C a r lso n  and Colburn (82) 
i t  g iv e s  a r e l a t i o n s h i p  f o r  c a l c u l a t i n g  a c t i v i t i e s  in  s o l u t i o n  from p u re  
component p r o p e r t i e s  o n ly .  U n f o r tu n a te ly  i t  works r a t h e r  b a d ly  in  
p r a c t i c e .  R e d e f in in g  th e  p a ra m e te rs  as
A 12 =  —  »
2
G* X1^2A21
RT T C A ^X j+xp
r /
A = *-=■2T ‘ R
1 ' “2 
bl + b 2.
2 . 3 .7
A c t i v i t y  c o e f f i c i e n t s  a re  o b ta in e d  by d i f f e r e n t i a t i n g  a c c o rd in g  to  Eq. 
2 . 2 .10
Any. =
x^a 2 21
1 T(A x +x Y 9 
12  1 2
£ny = x 1A12 A 212 T(A x, +xu )' 
12
,:e
2 . 3 .8
As a consequence o f  the  assum ption  t h a t  S = 0 ,  th e  lo g a r i th m s  o f  th e  
a c t i v i t y  c o e f f i c i e n t  a re  i n v e r s e l y  p r o p o r t i o n a l  to  th e  a b s o lu te  
te m p e ra tu re .  A ccording to  Van L a a r f s th e o ry  t h e . a c t i v i t y  c o e f f i c i e n t s
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a re  n e v e r  l e s s  than  u n i t y ;  hence t h i s  th e o ry  always p r e d i c t s  p o s i t i v e  
od e v i a t io n s  from R a u l t ’s Law. I f  one r e g a rd s  A12 A as a d j u s t a b l e  
p a ra m e te rs  then  the  Van L a a r ’ s e q u a t io n s  a r e  u s e f u l  e m p i r ic a l  r e l a t i o n s  to  
c o r r e l a t e  e x p e r im e n ta l  a c t i v i t y  c o e f f i c i e n t s  f o r  many b in a ry  sy s tem s .
2 . 3 .2  S c a tc h a rd -H i ld e b ra n d  E q u a t io n  (83 ,8 4 )
Van L a a r ’ s method formed a b a s i s  f o r  th e  developm ent o f  th e
S c a tc h a rd -H i ld e b ra n d  r e g u la r  s o l u t i o n  th e o ry .  They improved Van L a a r ’ s
th e o ry  by removing the  l i m i t a t i o n  o f  Van d e r  Waals e q u a t io n  o f  s t a t e .
EThe r e s u l t i n g  e q u a t io n  f o r  G has  th e  fo l lo w in g  form
G = • -V * !* 2A12 2 .3 .9
where
x V x V
d> = ------— -----  , d> =  —   , V = x V + x V
X j V j + x ^  ’ 2  X j V j + x ^  ’ 1 1 2  2
A , ,  = ( 6 X -  62)2
A c t i v i t y  c o e f f i c i e n t s  a re  deduced by d i f f e r e n t i a t i o n  a c c o rd in g  to  Eq. 2 .2 .1 0
RT£ny1 = V ^ A ^  2 .3 .1 0
m n r 2 -  v2* | a I2 '  2 .3 .1 1
The a p p l i c a t i o n  o f  an updated  v e r s io n  o f  t h i s  th e o ry  was g iven  by H ild e b ra n d  
P r a u s n i t z  and S c o t t  (8 5 ) ,  The s o l u b i l i t y  p a r a m e te r s ,  6^ and 6 may be 
e s t im a te d  from  h e a t  o f  v a p o r i z a t i o n  ( a v a i l a b l e  i n  tu r n  from the  vapour 
p r e s s u r e  cu rve  and C la u s iu s-C lap ey ro n  e q u a t io n )
6 =
rAU 2 rAH -RT'!vap _ vap
V VV ✓
2 . 3 . 1 2
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' \  w .
\  ' \ \  V . -
• f ;R egu lar  s o l u t i o n  t r e a tm e n t  always g iv e s  p o s i t i v e  d e v i a t io n s  from R a u l t ' s
A
law. In  g e n e r a l  f o r  n o n - p o la r  sy s tem s ,  th e  p re d ic t io n s  made by th e s e  
e q u a t io n s  from p u re  component d a t a  on ly  a re  i n  q u a l i t a t i v e  agreem ent' w i th  
exp er im en t .
As p o in te d  o u t  by Lambardo (86) th e  v a lu e s  o f  (volume f r a c t i o n
a t  a c o n s o lu te  p o in t )  a re  r e s t r i c t e d  to  th e  m idd le  t h i r d  o f  co m p o s i t io n  
ra n g e ,  w hereas th o se  o f  x^c a r e  n o t  r e s t r i c t e d .  This r e s u l t  im p l ie s  t h a t  
demixing curve w ould te n d  to  be more sy m m e tr ica l  in  terms of volume 
f r a c t i o n s .
A m o d i f i c a t io n  o f  th e  r e g u l a r  s o l u t i o n  th e o ry  i s  g iven  by G onsa lves  
and Leland  (87)
GE = + 2m12« 1«2 2 .3 .1 3
where m^2 ta k e s  accoun t o f  th e  u n l ik e  p a i r  i n t e r a c t i o n s .
2 .3 .3  GugenheimTs E q u a tio n
One o f  th e  f a m i l i e s  of e q u a t io n s  f o r  ex ce ss  Gibbs energy  stemmed
from the  q u a s i l a t t i c e  th e o ry  o f  Gugenheim (88) which i s  one o f  th e  s i m p l e s t
c o n ce p tu a l  models o f  th e  th e o ry  o f  l i q u i d s .  The l i q u i d  i s  p i c t u r e d  as a 
p s e u d o c r y s ta l .  I t  i s  assumed t h a t  each  m o lecu le  i s  lo c a te d  a t  th e  i n t e r ­
s e c t i o n  p o i n t  o f  a r e g u l a r  l a t t i c e .  M olecu les  a re  co n s id e re d  to  be o f  th e  
same s i z e  and shape and a re  i n t e r c h a n g e a b le  on the  l a t t i c e  s i t e s .  I t  i s  
assumed f u r t h e r  t h a t  and a re  b o th  z e ro  so  t h a t  G^ = H^. The d e r iv e d
e q u a t io n  f o r  th e  excess  Gibbs energy  i s :
• : E
;G: = x lX2wI2 2 . 3 . 1 4
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where wJ2 i s  th e  in te rc h a n g e  en e rg y  r e p r e s e n t i n g  p h y s ic a l ly  the  
d i f f e r e n c e s  betw een l i k e - p a i r  and u n l i k e - p a i r  i n t e r a c t i o n s .  I t  
fo l lo w s  t h a t
RT£ny1 = x^w 2 .3 .1 5
RT£ny2 = ^ l2  2 .3 .1 6
This  th e o ry  o f  " s t r i c t i l y  r e g u l a r  s o l u t i o n "  r a r e l y  a p p l ie s  to  r e a l  
m ix tu r e s .  The p h y s ic a l  model i s  l i t e r a l l y  too  r i g i d  and does n o t  
a d e q u a te ly  r e p r e s e n t  r e a l  b e h a v io u r .
Gugenheim ex tended  th e  q u a s i - l a t t i c e  t r e a tm e n t  to  the  m ix tu re s  i n  
w hich each molecule.r i  c o n s i s t s  o f  r^  segm ents each o f  which o ccu p ie s  
one s i t e  on a l a t t i c e  o f  c o - o r d i n a t i o n  number z. Then
GE . r i  . r 2= x £n ---------------- + x Jin
RT 1 x i r i +x2r 2 2 x l r l +x2r 2
1 . <J l (Xi r i +X2r 2)
+ 2 V  V "  r .  (x  q +x q )
+ \  q2z x2*n
1 1 1 2  2
q2 (x i r l +x2r 2 )
+
r 2 (Xi q i +X2 <52 ) 
q i q2Xi X2W12
2 .3 .1 7
(Xi q i +X2q2)kT
where q^ a re  the  numbers of n e a r e s t  n e ig h b o u r  s i t e s  to  m o lecu le s
1 and 2 . B ru in  . (89) and McCann (90) d e r iv e d  s e v e r a l  e q u a t io n s  su p p o se d ly  
b ased  on Eq. 2 .3 .1 7  by s e t t i n g  q 1 and q 2 to  z e ro  and m i s i n t e r p r e t i n g  th e
p a ra m e te rs  r^  and
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2 . 3 . 4  N.C.Z. Equation
One a t te m p t  to  r e l a x  th e  r e q u i re m e n t  o f  c o n s ta n t  c o - o r d in a t io n
number was made by F o r sy th e  (9 0 ) .  The N.C.Z. ( n o n -c o n s ta n t  c o - o r d i n a t i o n
Enumber) e q u a t io n  f o r  G i s  g iv e n  in  i t s  s im p le s t  form as
G = -  c1x1^ n (x 1 + A21x2 ) -  c2x2&n(x2 + A ^ x ^
+ c.
- e , , / k T  /kT
X1 (1 -  c1 )e  + x2 ( l  -  c2 )e
where
2 . 3 .1 8
c =1 z 12
c = — 2 z 12 C3 2
Z2 “£ i2 ^ kT 
A = —  e 
21 z x
z ■ —e . 2 /kT 
A = - i -  e
12 Z2
A c t i v i t y  c o e f f i c i e n t s  a r e  o b ta in e d  by d i f f e r e n t i a t i o n  a c c o rd in g  to  Eq. 
2 . 2.10
RTJlny = c J -  ^n(x^ + A21x2 ) + x2
( x 1 (1-A21)
c. x (1-A )2 2 12
C A1 2 X1+X2
2 .3 .1 9
(1 “ c i ) e
- e n /kT
+ (Cj -  l ) £ n  x l + (Cj c„ ) x« 2 2
Jlny2 i s  o b ta in e d  by in t e r c h a n g in g  th e  s u b s c r i p t s .  Here z^ and z2 a r e  th e  
c o - o r d in a t io n  numbers o f  components 1 and 2 i n  the  m ix tu re .  z^2 i s  
average  c o - o r d in a t io n  number Zg i s  th e  s e l f  c o - o r d in a t io n  number, 
c o n s id e re d  to  be th e  same f o r  b o th  o f  th e  components. A l l  c o - o r d i n a t i o n  
numbers may be c a l c u l a t e d  from h a rd  sp h e re  r a d i i ,  w i s  th e  in t e r c h a n g e
energy,
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2 .3 .5  R e d l i c h - K is te r  E q u a t io n  (91)
I f  the  in te r c h a n g e  ene rgy  i n  Eq. 2 .3 .1 4  i s  n o t  taken  as a q u a n t i t y  
de te rm ined  from i n t e r m o l e c u la r  f o r c e s ,  b u t  m ere ly  as an e m p i r ic a l  
m easure of two-body i n t e r a c t i o n s ,  Eq. 2 .3 .1 4  provides th e  le a d in g  te rm  in  
a s e r i e s  e x p a n s io n ,  s e v e r a l  o f  which a re  commonly used .
gE = (1 -  A2) (Aq + AjA + A2A2 + A3A3 + e t c . )  2 .3 .2 0
where A = 2 x -  1
A c t i v i t y  c o e f f i c i e n t s  a r e  o b ta in e d  a c c o rd in g  to  Eq. 2 .2 .1 0
RT£ny1 = (1 +A)2 [Aq + A (2A -  1) + A£ (3A -  2)A
+ A3(4A -  3 )A2 + e t c .  2 .3 .2 1
RTJtny2 = (1 -  A)2 [Aq + Aa (2A + 1) + A2 (3A + 2 )A
+ Ag (4A + 3)A2 + e t c .  2 .3 .2 2
I t  can be  shown by s im ple  a lg e b r a  t h a t  Eq. 2 .3 .2 0  i s  e q u i v a l e n t  to  th e  
M argules (92) e x p an s io n .
In  t h i s  type o f  e x p re s s io n  th e  f i r s t  te rm  i s  s i m i l a r  to  th e  p a i r  
in te rc h a n g e  energy  and in  a lo o s e  s e n s e ,  h ig h e r  terms tend  to  c o r re s p o n d  
to  the  h ig h e r  o rd e r  i n t e r a c t i o n s .  The number o f  p a ra m e te rs  (Aq , A ^ . . . )  
which shou ld  be used  to  r e p r e s e n t  th e  e x p e r im e n ta l  d a ta  depends on th e  
m o le c u la r  com plex ity  o f  th e  s o l u t i o n ,  on th e  q u a l i t y  o f  d a ta  and number 
o f  d a ta  p o in t s  a v a i l a b l e .
The R e d l i c h - K is te r  ex p an s io n  p ro v id e s  a f l e x i b l e  a l g e b r a i c  e x p r e s s io n  
f o r  r e p r e s e n t in g  th e  ex cess  Gibbs en e rg y  of a l i q u i d  m ix tu re  (1 5 ) .  The
f i r s t  te rm  in  the  expans ion  i s  sym m etric  i n  x and g iv e s  a p a r a b o la  when
E .G i s  p l o t t e d  a g a in s t  x .  The odd-pow ered c o r r e c t i o n  terms a re  a s s y m e t r i c
i n  x and t h e r e f o r e  tend  to  skew th e  p a r a b o la  e i t h e r  to  th e  l e f t  o r  r i g h t .
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The even-pow ered c o r r e c t i o n  te rm s a r e  symmetric in  x and te n d  to  f l a t t e n
Eor sharpen  th e  p a r a b o l a .  When G -  x curve  i s  s h a rp ly  skewed Eq. 2 .3 .2 0  
needs an e x c e s s iv e  number o f  p a r a m e te r s .  Myer and S c o t t  (93) su g g e s te d  
a p r e s e l e c t e d  skewing c o n s ta n t  B, where -  1 < B < 1 and Eq. 2 .3 .2 0  i s  d iv id e d  
by 1 -  B(1 -  2 x ) . K ehlen (94) has r e c e n t l y  su g g e s te d  an e x p r e s s io n  f o r  
G , which i s  i n  some s e n se  a m o d i f i c a t io n  o f  the  R e d ic h -K is te r  e q u a t io n .
I t  has th e  fo l lo w in g  form 
GE (T,A) = c ’B t
where
c = (1 -  A2)
1 8 0 ho o o V
A 0Q h l c i d i
A2 » 1  = g2 h2 C2 d2
II
• • • • •• # • • •• • • • •
An 8n hn cn dn
2 .3 .2 3
T
1 “ T 
“ I  +T ' +T&nT
1-T2 + T&nx
where A = 2 x -  1, t =
_c i s  c o n c e n t r a t i o n  v e c t o r  ( £ f i s  th e  t r a n s p o s e  o f  c)
_t i s  te m p e ra tu re  v e c t o r
15 i s  the  s p e c i f i c  m a t r ix  o f  the  system
x i s  th e  c o n c e n t r a t i o n  o f  one o f  th e  components
•  •  rt i s  a reduced  te m p e ra tu re  which i s  r e f e r r e d  to  T'
h . ,  c . ,  d. a re  s p e c i f i c  p a ra m e te rs  o f  th e  system . They a re  deduced from 
1 1 1  a. E
r3cpiE E E Ev a lu e s  o f  H , Cp, D (D i s  th e  te m p e ra tu re  c o e f f i c i e n t 8T ) when d a t a  a re
a v a i l a b l e .  Then i t  i s  s t r a i g h t - f o r w a r d  to  o b ta in  gQ, g , g2 » . .  gn « S in ce
th e  excess  p r o p e r t i e s  a r e  u s u a l l y  ( i f  n o t  always) s c a r c e ,  i t  i s  u s u a l l y
assumed t h a t  c . = d. = 0 .  Then i t  i s  assumed f u r t h e r  t h a t  e i t h e r  h .  = 0 1 i  l
( i . e .  kF = 0) o r  h .  = g^ ( i . e .  = GE , SE = 0 ) .  E s t im a t io n  o f  p a ra m e te r s
g^ may be made from th e  dem ixing cu rv e .
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A c t i v i t y  c o e f f i c i e n t s  a r e  o b ta in e d  on d i f f e r e n t i a t i o n
RT£ny1 = a.' B _t RTJtny2 = b f.B jt 2 . 3 . 2 4
1 1
2A -  1 2A + 1
a = (1 + A)2 (3A-2)A b = (1 -  A)2 (3A+2)A
(4A-3)A2 (4A+3)A2
When th e  te m p e ra tu re  i n  q u e s t i o n  i s  tak en  to  be the  r e f e r e n c e  te m p e ra tu re  
( t  = 1 ) ,  t h i s  e q u a t io n  re d u c e s  to  the  R e d l i c h - K is te r  e q u a t io n .
Perhaps  th e  g r e a t e s t  d is a d v a n ta g e  of the  R e d l i c h - K is te r  e q u a t io n  
i s  i t s  am b igu ity  i n  p r e d i c t i n g  th e  b e h a v io u r  o f  m ulticom ponent d a t a  from 
b in a ry  d a ta .
2 .3 .6  W ohl 's  E q u a t io n
Taking i n t o  c o n s id e r a t i o n  th e  i n t e r a c t i o n  between the  m o lecu le s  
form ing a s o l u t i o n  Wohl (95) dev e lo p ed  an e q u a t io n  f o r  th e  ex ce ss  Gibbs 
energy  which may be  w r i t t e n  f o r  a b in a r y  system  as fo l lo w s
+ 3 zRT(q1x 1+q2x2)
+ 4 z 3z a + 4 z z 3a + 6 z2z2a
1 2 1112  1 2 1222  1 2 1122
+ •  •  •  • 2 .3 .2 5
where
and
This e q u a t io n  c o n ta in s  two ty p e s  o f  p a ra m e te r .  The q ' s  a re  e f f e c t i v e  
volumes (o r  c ro s s  s e c t i o n s )  o f  th e  m o lecu le s  so t h a t  q^ i s  a m easure o f
the  s i z e  o f  m o lecu le  i .  The r a t i o  of the  q ’ s i s  u s u a l ly  assumed eq u a l  
to  th e  r a t i o  o f  th e  p u re  component l i q u i d  m olar  volumes. The a ’s a re  
i n t e r a c t i o n  p a ra m e te r s  whose p h y s i c a l  s i g n i f i c a n c e  i s ,  i n  a lo o s e  sen se  
s i m i l a r  to  t h a t  of v i r i a l  c o e f f i c i e n t s .  T h e . a c t i v i t y  c o e f f i c i e n t s  a re  
deduced f o r  th e  t h i r d  o r d e r  Wohl’s e q u a t io n  by d i f f e r e n t i a t i o n  a c c o rd in g  
to  E q . 2 .2 .1 0
^nY i = *2
£ny2 = z^
A + 2z 12  1
A„ • + 2z„ 
21  2
A _  —  -  A. 
2. 21 q„ "12
q 2
[A!2 q r  "  A21
2 .3 .2 6
2 .3 .2 7
where
A12 = q i ^ 2 a i 2  + 3 a i22^ » A21 = q2^2 a i 2  + 3 a i l 2 ^
Wohl, in  h i s  o r i g i n a l  p a p e r  does n o t  g iv e  com parisons w i th  e x p e r im e n ta l  
d a t a .  P ig f o r d  e t  a l .  (96) have t e s t e d  Wohl’ s th e o ry  by com paring t e r n a r y  
d a ta  p r e d i c t e d  by  Wohl’ s e q u a t io n  from the  c o n s t i t u e n t  b in a r y  d a ta  w i th  
e x p e r im e n ta l  t e r n a r y  d a t a .  I t  was found t h a t  t h i s  type  o f  e q u a t io n  
w i th o u t  an a d d i t i o n a l  c o n s ta n t  i s  unab le  to  d e s c r ib e  a d e q u a te ly  the  
observed  b e h a v io u r  of' t e r n a r y  system s ( i . e .  s o l e l y  i n  term s o f  th e  b in a r y  
i n t e r a c t i o n s ) .
When a p p r o p r i a t e  assum ptions  a re  in t r o d u c e d ,  E q . 2 .3 .2 5  y i e l d s  some 
o f th e  w ell-know n e q u a t io n s  e . g .
h  h
"  v i
q21 _ A21 
A12
Scatchard-H am er (97)
Van L aar (81)
2 i ; V an-L aar-N ull  (98)
12
i - i
q i
M argules (92)
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2 ,3 .7  The F lo ry -H u g g in s  E q u a t io n
P ro c e e d in g  from a q u a s i - c r y s t a l l i n e  l a t t i c e  model, F lo ry  (99) and 
Huggins (100) w ere a b le  to  d e r iv e  the  e n t ro p y  o f  m ixing o f  a lo n g ,  
f l e x i b l e  c h a in  m o lecu le  i n  s o l u t i o n  from s t a t i s t i c a l  g e o m e tr ic a l  
c o n s i d e r a t i o n s .  This c h a in  m o lecu le  i s  c o n s id e re d  to  be made up o f  
segm ents ,  and th e s e  segm en ts ,  w i th  r e s p e c t  to  t h e i r  geom etry ( i . e .  t h e i r  
s i z e  and s p h e r i c a l  shape) , a r e  in t e r c h a n g e a b le  w i th  th e  s o lv e n t  m o lecu le s  
which a r e  l ik e w is e  c o n s id e re d  s p h e r i c a l  p a r t i c l e s  i n  a f i r s t  ap p ro x im a tio n ,
The r e s u l t  o f  th e  F lo ry -H ugg ins  th e o ry  i s  fo rm u la te d  f o r  an a th e rm a l  
Em ix tu re  ( i . e .  H = 0 )  as fo l lo w s
GE SE *1 *2X -  = -  £ -  = x £n —  + x £n —  2 .3 .2 8RT R 1 x 2 x
where
V i  n i4 = 1 - * . =1 2 x lV l+x2V2 V r  n 2
V1r  = ==— th e  r a t i o  o f  m o la r  volumes o f  th e  s o lv e n t  and th e  po lym er.
2
Eq. 2 .3 ,2 8  s e rv e s  as th e  s ta n d a rd  o f  normal b e h a v io u r  f o r  polym er 
s o l u t i o n s .  R eal polym er s o l u t i o n s  d e p a r t  s i g n i f i c a n t l y  from t h i s  s ta n d a rd ,  
The more com ple te  form o f  th e  F lo ry -H ugg ins  th e o ry  may be  e x p re s s e d  i n  
terms o f  ex ce ss  Gibbs e n e rg y :
r E ^2
—  = x £n —  + x Hu + x<f> <f> (x + r  x ) 2 .3 .2 9RT l x  2 x  1 2  1 21 2
where x c a l l e d  th e  F lo ry  i n t e r a c t i o n  p a ra m e te r  i s  d e te rm in ed  by i n t e r -  
m o le c u la r  f o rc e s  betw een th e  m o lecu le s  i n  th e  s o l u t i o n .  The a c t i v i t y  
c o e f f i c i e n t  f o r  th e  s o lv e n t  fo l lo w s  from d i f f e r e n t i a t i o n  a c c o rd in g  to  
Eq. 2 .2 .1 0
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£ny 1 n ( x 1 + r  x 2) + (1 -  ~)<J>2 + x $2 2 .3 .3 0
and f o r  th e  polym er
£ny*2 = -  £n(-i x 2 + x 2) + (1 -  r ) $ J + r  x 2 .3 .3 1
2 .3 .8  W i l s o n 's  E q u a t io n
W ilson (101) has p roposed  an e x p re s s io n  f o r  the  m ola r  ex ce ss  f r e e  
energy w hich d i f f e r s  from th e  u s u a l  Wohl e x p a n s io n .  He p o s t u l a t e d  t h a t  
the  l o c a l  c o n c e n t r a t i o n s  in  th e  neighbourhood  o f  a c e n t r a l  m o lecu le  can - 
d i f f e r  from th e  b u lk  ( o v e r a l l )  c o n c e n t r a t i o n s .  By lo c a l  i t  i s  s p e c i f i c a l l y  
meant t h a t  i f  a g iv e n  m olecu le  i s  chosen as th e  c e n t r a l  one, th e n  the  
number, n a t u r e  and p o s i t i o n  o f  the  m o lecu les  i n  i t s  n e a r e s t  n e ig h b o u r in g  
s h e l l  i s  in f lu e n c e d  by c e r t a i n  p r o p e r t i e s  o f  th e  c e n t r a l  m o le c u le .  To 
accoun t f o r  th e  o r d e r in g  (o r  d i s o r d e r in g )  e f f e c t s  o f  a c e n t r a l  m olecu le  W ilson 
su g g es ted  th e  fo l lo w in g  e q u a t io n
This e q u a t io n  may be i n t e r p r e t e d  as th e  p r o b a b i l i t y  o f  f i n d i n g  a m o lecu le  
o f  type 2 compared to  f in d in g  a m olecu le  o f  type  1 a b o u t a c e n t r a l  m olecu le  
o f  type  1. Using th e  d e f i n i t i o n  embodied in  Eq. 2 .3 .3 2 ,  W ilson has
x 12 x 2e x p - ( g 12/RT)
2 .3 .3 2
X11 x 2e x p - ( g n /RT)
e m p i r i c a l ly  r e d e f in e d  th e  volume f r a c t i o n s  o f  th e  F lo ry -H ugg ins  e q u a t io n
(Eq. 2 .2 .2 8 )  c a l l i n g  them th e  l o c a l  volume f r a c t i o n s .  The r e s u l t i n g
e q u a t io n  f o r  th e  ex ce ss  Gibbs energy  i s
2 .3 .3 3
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where
A12 = —  eXP - ( 8 12 '  e 22) /K r  2
A2 i  = exp - ( g 21 -  gn )/RT
The a c t i v i t y  c o e f f i c i e n t s  a r e  g iven  by
£nyl = £ n ( x 1 +  x 2 )  +  x £ 2 J 1 2 .x, +A x- A 
1 21 ^ 12 V X2
2 .3 .3 4
i s  o b ta in e d  by r o t a t i o n  o f  s u b s c r i p t s  1 •+ 2 1
A s tu d y  by Orye (102) i n d i c a t e d  t h a t  W ils o n ’s e q u a t io n  i s  i n  many 
r e s p e c t s  v e ry  u s e f u l  and d i r e c t l y  a p p l i c a b l e  to  s t r o n g ly  n o n - id e a l  
m ix tu re s .  However as p o in t e d ’ ou t by W ilson i t  f a i l s  to  p r e d i c t  phase  
s e p a r a t io n  o f  l i q u i d  m ix tu r e s .  For p a r t i a l l y  m i s c ib le  sy s te m s ,  W ilson 
s u g g e s te d  t h a t  th e  e q u a t io n  be m u l t i p l i e d  by an a r b i t r a r y  c o n s ta n t  c 
which depends on th e  b in a ry  system . The th r e e - p a r a m e te r  W ilson e q u a t io n  
i s  a p p l i c a b l e  to  p a r t i a l l y  m i s c ib le  sy s tem s .  Renon and P r a u s n i t z  (103) 
have shown t h a t  th e  t h r e e  p a ram e te rs  W ilson e q u a t io n  can be o b ta in e d  by 
in t r o d u c in g  th e  l o c a l  mole f r a c t i o n  co n ce p t  i n t o  S c o t t ’ s tw o - l i q u id  th e o ry .
One o f  th e  m ost im p o r ta n t  advan tages  o f  t h i s  e q u a t io n  i s  t h a t  i t  can be  
s t r a i g h t - f o r w a r d l y  g e n e r a l i z e d  to  m ulticom ponent m ix tu r e s ,  w i th o u t  th e  need  f o r  
t e r n a r y  (o r  h ig h e r )  p a ra m e te r s .
The d e r i v a t i o n  o f  t h i s  e q u a t io n  c o n ta in s  two e s s e n t i a l l y  a r b i t r a r y
s t e p s :  th e  r e l a t i o n s  between th e  l o c a l - m o l e f r a c t i o n  e q u a t io n s  and th e
in t r o d u c t i o n  o f  l o c a l  com positions  i n t o  th e  F lo ry -H ugg ins  e q u a t io n .  The
F lo ry -H ugg ins  e q u a t io n  i s  b a sed  on th e  a th e rm a l  s o l u t i o n  th e o ry  ( i . e .
EH ?= 0) so th e  W ilson e q u a t io n  i s  su p p o se d ly  f o r  "a th e rm a l  s o l u t i o n s  and 
Eq. 2 .3 .3 3  supp o sed ly  on ly  ta k e s  i n t o  a c c o u n t  e n t ro p y  e f f e c t s .  However
and, as  A f  0 and A ^ 0 and T f  00, th e  o n ly  s i t u a t i o n  where t h i s  
* 21  12
e x p r e s s io n  g iv e s  a th e rm a l  b e h a v io u r  f o r  a l l  v a lu e s  o f  x i s  when 
g 12 8 2 2 = g 21 ~ g l l  = °  t h a t  i s  i d e a l !
I f  one r e c a l l s  Eq. 2 .3 .2 8  and w r i t e s  i n  th e  fo l lo w in g  form
SE 1= -  XjinCXj + r  x£) -  x2l n ( — x } + x2) 2 .3 .3 5
Comparison o f  Eq. 2 .3 .3 5  and Eq. 2 .3 .3 5  shows t h a t  W ilson a r b i t r a r i l y  
m u l t i p l i e d  th e  m olar  volume r a t i o s  r  and ~  by
g12~822 , g2 l “ gl l  . ,e x p  ^ -----  and e x p ---------^ ---------- r e s p e c t i v e l y .
EThe a ssu m p tio n ,  H = 0  r e s u l t s  t h a t  r  i s  in d e p e n d e n t  o f  te m p e ra tu re .  So
EW ilso n ’ s e q u a t io n  i s  i n c o n s i s t e n t  w i th  i t s  i n i t i a l  p o s t u l a t e  o f  H = 0 .
2 . 3 .9  N .R .T .L . E qua t ion
To overcome th e  l i m i t a t i o n  o f  W ilso n ’ s e q u a t io n  Renon and P r a u s n i t z  
(1 0 4 ) ,  combined the  l o c a l  mole f r a c t i o n  c o n c e p t  w i th  th e  S c o t t ’ s two- 
l i q u i d  •t h e o r y . The tw o - l iq u id  th e o ry  o f  S c o t t  p o s t u l a t e s  t h a t  m o lecu le s  
in  a l i q u i d  m ix tu re  do n o t  in  g e n e ra l  d i s t r i b u t e  them se lves  i n  a random 
manner b u t  e x h i b i t  a tendency to  s e g r e g a t e  due to  th e  i n f l u e n c e  o f  a
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c e n t r a l  m o le c u le .  I t  c o n s id e r s  t h a t  th e  (o r d e r in g  o r  d i s o r d e r in g )  
e f f e c t  o f  a c e n t r a l  m o lecu le  d im in ish e s  r a p i d l y  beyond the  f i r s t  n e ig h ­
bo u r  s h e l l .  In  o th e r  w ords ,  i t  e n v is a g e s  a  s i n g l e  m olecu le  i n  th e  l i q u i d  
b e in g  su rro u n d ed  by a cage o r  c e l l  o f  a d j a c e n t  m o le c u le s .  Two d i f f e r e n t  
c e l l s  a r e  h y p o th e s iz e d  on the  m o le c u la r  l e v e l .  The p r o p e r t i e s  o f  c e l l  
1 a re  due to  ave rage  o f  1-1 and 1-2 i n t e r a c t i o n s  and th e  p r o p e r t i e s  o f  
c e l l  2 a r e  d e te rm in e d  by 2-2 and 2 -1  i n t e r a c t i o n s .
C o n s id e r in g  th e  r e s i d u a l  Gibbs energy  ( i . e .  compared w i th  th e  i d e a l  
gas a t  th e  same P ,T ,x )  o f  each  o f  th e  two k in d s  o f  c e l l  Renon and P r a u s n i t z  
w ro te  th e  fo l lo w in g  e q u a t io n  f o r  th e  m o la r  ex ce ss  Gibbs energy
gE = X1X21(821 " 8 u ) + X2X12(g12 " 8 22) 2 ' 3 - 36
where g 12> g21 i s  th e  c o n f i g u r a t i o n a l  f r e e  energy  of  a h y p o t h e t i c a l  f l u i d
in  which th e r e  a r e  only  u n l ik e  p a i r  i n t e r a c t i o n s .  g n >  g22 a r e  e(lu a^ to
c o n f i g u r a t i o n a l  f r e e  e n e rg ie s  o f  the  p u re  l i q u i d s ,  x , x^ a re  mole and
x . a r e  l o c a l  mole f r a c t i o n s .  L o ca l  com p o si t io n s  a r e  e x p e r im e n ta l ly
i n a c c e s s i b l e  numbers. For a co m p le te ly  random m ix tu re ,  they  w i l l  be e q u a l
to  th e  o v e r a l l  mole f r a c t i o n s .  T h e re fo re  a p ro m is in g  way o f  d e f in in g  l o c a l
com p o si t io n s  i s  to  use  th e  o v e r a l l  c o m p o s i t io n s ,  b u t  th e r e  i s  no c lu e  as to
x . .
what s o r t  o f  r e l a t i o n  t h a t  would b e .  I t  i s  i m p l i c i t l y  assumed t h a t  —
x .  i i
i s  p r o p o r t i o n a l  to  — , thusx •l
X . .  X .
= k . .  -J-  ( i ,  j  = 1 ,2  i  t  j )  2 .3 .3 7x . . 11  x . 9
1 1  . 1
B earing  i n  mind th e  mass c o n s t r a i n t  e q u a t io n s
x . . + x . . = 1 
J i  i i
one can w r i t e  f o r  a b in a ry  m ix tu re
-  6 2  -
x 2 k 2 1
X
Xlk12
21 xi+x2k21 * ~12 X2+Xlk12
2 . 3 . 3 8
D e fin in g  th e  p r o p o r t i o n a l i t y  c o n s ta n t  as
k . .  = exp 
J i
a.  .
i j
^8j i  8 i i ^
RT ( i , j  = 1 ,2  i  f  j ) 2 .3 .3 9
where ot = a ,
12 21
S u b s t i t u t i o n  o f  Eq. 2 .3 .3 8  and Eq. 2 .3 .3 9  i n t o  Eq. 2 .3 .3 6  y i e l d s  th e  N .R .T .L . 
e q u a t io n
RT X1X2
T21A21 T12A12
+
X1+X2A21 X2 +X1A 12
where t21 = g21~SllRT 12
8 12 8 22  
RT
2 .3 .4 0
“l2^812 822^  A a21^821~8ll^
12 = 6 X P ------------RT--------- 21 = 6 X P ------------RT---------
A c t i v i t y  c o e f f i c i e n t s  a re  o b ta in e d  by d i f f e r e n t i a t i o n .
RT£ny ^  = x |
T2 i exP (“a i 2 Ti2^ T12e x p ( - a 12T12)
  —    +  ----------------------------------------------------------
[x 1+x2e x p ( -a 12x21) ] 2 [x2+x1e x p ( -a 12T12) ] :
2 .3 .4 1
£ny i s  o b ta in e d  by r o t a t i o n  o f  s u b s c r i p t s  1 -»• 2 -> 1.
Eq. 2 .3 .4 0  lias one p r e s e l e c t e d  a 12 and two a d j u s t a b l e  p a ra m e te rs  
(g l2  ” 822^ ^821 ~* 8 11^‘ ^ enon P r a u s n i t z  (105) recommended th e  use
o f  a v a lu e  between 0 .2 -0 .4 7  f o r  a .  However M arina  and T a s s io s  (106) showed 
t h a t  a s i n g l e  v a lu e  o f  a = -  1 y i e l d e d  c o r r e l a t i o n s  of accu racy  com parable 
to  t h a t  o f  th e  recommended v a lu e  o f  a .  The en e rg y  p a ra m e te rs  g and g, 
may be c a l c u l a t e d  from p u re  component’ s l a t e n t  h e a t s
’2 2
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g . . = -  (AIL. -  RT) 2 .3 .4 2° n  Vj’
g ^  v a lu e s  c a r r y  a n e g a t iv e  s i g n ,  s i n c e  th ey  a re  cohes ive  e n e r g i e s .
R e la t i n g  g J2 to  g ^  and g^2 th ro u g h  an a ssu m p tio n ,  ( e . g .  assuming g J2 i s  
th e  a r i t h m e t i c  o r  g eo m etr ic  mean o f  g ^  and g22) f  one may p r e d i c t  
m ix tu re  p r o p e r t i e s  from p u re  component d a t a  o n ly .  For a g iven  a ,  d e t e r m in a t io n  
of th e  a d j u s t a b l e  p a ram e te rs  g 12 -  g22 and g21 -  g from th e  m i s c i b i l i t y  
d a t a  can g iv e  r i s e  to  d i f f e r e n t  s o l u t i o n s  depending  upon the  i n i t i a l  g u e s s ,  
when a s e a r c h  method i s  used (1 0 7 ) .  M a t t e l i n o  and Verhoeye (108) have shown 
how to  p r e d i c t  the  e x a c t  number o f  s e t s  of ene rgy  p a ra m e te rs  a t  any v a lu e  
o f  a and to  s e l e c t  p h y s i c a l l y  s i g n i f i c a n t  s e t s  o f  p a ra m e te r s .  T a s s io s  (109) 
has  shown t h a t  th e  s t a b i l i t y  c r i t e r i o n  f o r  com plete  m i s c i b i l i t y  i s  n o t  
always met by th e  N .R .T .L . e q u a t io n .  McDermott and A shton (110) p o in t e d  
o u t t h a t  l o c a l  mole f r a c t i o n s  a r e  n o t  c o n s i s t e n t  w ith  th e  o v e r a l l  com p o si t io n  
o f  th e  m ix tu r e .  C e r ta in  r e s t r a i n i n g  c o n d i t io n s  must be  f u l f i l l e d  when Eq. 
2 .3 .4 0  i s . e x t e n d e d  to  te r n a r y  and h ig h e r  sy stem  (111 ) .
2 . 3 . 1 0  H e i l ' s  E qua tion
An e q u a t io n  was p roposed  f o r  s o l u t i o n s  o f  polym ers w i th  i n t e r a c t i o n s  
betw een l i k e  and u n l ik e  m o lecu les  by H e i l  and P r a u s n i t z  (1 1 2 ) .  When th e  
number o f  segments i s  c o n s id e re d  to  be  u n i t y ,  H e i l ' s  e q u a t io n  can be used  
f o r  b in a ry  n o n - e l e c t r o l y t e  sy s tem s .  I t  has  th e  fo l lo w in g  form
ge^  = -  x J£ n (x 1 + A21x2) -  x2£ n (x 2 + A ^ X j )
+ X1X2
A21 . T12A12 | _  _
T21 x +x A + x +x A 2 .3 .4 3
1 2 21 2 1 12'
where
821~8 11 8 12 ~822 
T21 ~ RT ’ T12 RT
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RT »
The a c t i v i t y  c o e f f i c i e n t  a re  g iv e n  by
in y 1
Jlny2 i s  o b ta in e d  by in t e r c h a n g in g  s u b s c r i p t s  1 -2 .  In  Eq. 2 .3 .4 3  f i r s t  two
terms c o n s t i t u t e  W i ls o n 's  e x p r e s s io n ,  th e  l a s t  has th e  same form as th e
N .R .T .L . e q u a t io n .  So th e  f i r s t  p a r t  o f  Eq. 2 .3 .4 3 ,  su p p o se d ly ,  on ly  ta k e s
i n t o  acco u n t th e  e n t ro p y  e f f e c t .  The d e r i v a t i o n  o f  th e  second p a r t  u ses
th e  r e s i d u a l  Gibbs e n e rg y ,  t h e r e f o r e  i t  s h o u ld  combine i n  one e x p re s s io n
Ee n t h a l p i c  and e n t r o p i c  te rm s .  In  e f f e c t  th e  e n t r o p i c  c o n t r i b u t i o n  to  G 
a r i s e s  p a r t l y  th rough  th e  te rm  e x p l i c i t l y  in t ro d u c e d  by H e i l  t o  acc o u n t  
f o r  th e  excess  e n tro p y  o f  m ix ing  and p a r t l y  th rough  th e  W ilso n - ty p e  te rm  
as m entioned  e a r l i e r .
V e te re  (113) has  s u g g e s te d  a m o d i f i c a t io n  o f  Eq. 2 .3 .4 3  by i n t r o ­
ducing  th e  nonrandomness p a ra m e te r s .
2 .3 .1 1  O ry e 's  E q u a t io n
Orye (114), ta k in g  the  approach  o f  W i l s o ^ h a s  d e r iv e d  an e q u a t io n  
w hich c o n ta in s  the  e n t r o p i c  and e n t h a l p i c  c o n t r i b u t i o n s  to  th e  Gibbs 
energy  o f  m ix ing . The ex ce ss  Gibbs ene rgy  i s  g iven  by a r e l a t i o n  o f  th e
form
2 .3 .4 5
(x1+A21x2) (x2+A12xx)‘2 12 1
The l a s t  te rm  on the r i g h t  hand s id e  o f  t h i s  e q u a t io n  r e p r e s e n t s  an 
a p p ro x im a tio n  to  the  e n t h a l p i c  c o n t r i b u t i o n  to  th e  Gibbs energy  of mixing, 
I f  one ig n o r e s  t h i s  te rm , W i ls o n 's  e q u a t io n  r e s u l t s .
The d e r i v a t i o n  o f  t h i s  e q u a t io n  has  th e  same a r b i t r a r y  s t e p s  as  th e  
W ilson e q u a t io n .  I t  co n se rv es  the  ad v an tag es  o f  th e  W ilson e q u a t io n  and 
i s  cap a b le  o f  p r e d i c t i n g  phase  s e p a r a t io n  w i th o u t  need  o f  a t h i r d  p a r a ­
m e te r .
On d i f f e r e n t i a t i o n  o f  Eq. 2 . 3 .4 5 ,  a c c o rd in g  to  Eq. 2 .2 .1 0 ,  th e  
a c t i v i t y  c o e f f i c i e n t s  a r e  o b ta in e d :
£ny1 = -  £ n (x 1 + A21x£) + x.
21 L12
x 1+A2 1 x 2 x2+A12 x i
2 .3 .4 6
XjAn A12A21
(Xl+A21X2)(V A12Xl )
1  +  X. 1 - 1 2
X1+A21X2 x 2+A1 2X1
2 .3 .1 2  G e n e ra l iz e d  L o ca l  Com position E q u a t io n
L o ca l  com p o si t io n  e q u a t io n s  may be w r i t t e n  i n  one m a th e m a t ic a l
scheme
-  6 6  -
p . j  = se e  th e  fo l lo w in g  t a b l e
= se e  th e  fo l lo w in g  t a b l e
i j
a .  .
i j
W ilson
H e i l
0
V.
1
V.
J
V.1
V.
3
V ete re 0
Orye 0
V.
1 V1
J
N .R.T.L . 0 0
2 .3 .1 3  Uniquac E q u a t io n  (115)
Abrams and P r a u s n i t z  have r e c e n t l y  p ro p o sed  an e q u a t io n  f o r  th e  
Gibbs en e rg y .  They have  g e n e r a l i z e d  Guggenheim’ s q u a s i - c h e m ic a l  a n a l y s i s  
th rough  i n t r o d u c t i o n  o f  th e  l o c a l  a r e a  f r a c t i o n ,  as th e  p r im a ry  c o n c e n t r a ­
t i o n  v a r i a b l e .  The e q u a t io n  h a s  th e  fo l lo w in g  form
E *1 *2 z  (■ e i  6oG = x Jin ■—  + x £n —  + •=■ q x £n —  + q x £n ——1 x r  2 x2 2 l h2 2 j
-  q jX^nCej  + e2 T21) -  q2x2 *n<e2 + e lT l2 ) 2 . 3 . 4 8
where t = exp fU21 Ull1 , t21 = exp (u12~U22)1 RT J RTV / W /
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$ i s  the  av e rag e  segment f r a c t i o n
This e q u a t io n  c o n ta in s  f o u r  pu re-com ponent s t r u c t u r a l  p a ra m e te rs  r ^ , r 2 » 
q^ , q^ which a r e  p r e d e te r m in a b le  from bond an g les  and bond d i s t a n c e s
and two a d j u s t a b l e  b in a r y  p a ra m e te rs  which must be d e te rm ined  from 
e x p e r im e n ta l  d a t a .
The a c t i v i t y  c o e f f i c i e n t s  a r e  o b ta in e d  by d i f f e r e n t i a t i o n  a c c o rd in g  
to  Eq. 2 .2 .1 0
Eq. 2 .3 .4 8  works f o r  a w ide ran g e  o f  m ix tu re s  o f  p o l a r  and n o n - p o la r  
l i q u i d s  such as h y d ro c a rb o n s ,  k e t o n e s ,  e s t e r s ,  am ines, a l c o h o l s ,  n i t r i l e s  
and w a te r .  I t  c a n ,  u n l ik e  Gugenheim’ s model, hand le  m ix tu re s  whose 
m olecu les  d i f f e r  a p p r e c ia b ly  i n  s i z e  and shape .  .When w e l l - d e f i n e d  s i m p l i ­
fy in g  assum ptions a re  in t ro d u c e d  i n t o  Eq. 2 .3 .4 8 ,  i t  red u ces  to  any one o f  
th e  s e v e r a l  w ell-know n e q u a t io n s ,  in c lu d in g  th e  W ilson , M argu les ,  Van L aa r  
and N .R .T.L . e q u a t io n s .
+ q 1 -  &n(0 t + 0 t ) -  4 1 v 1 11 2 21 0 , T, +T 0
1 12 22  2
2 .3 .4 9
l i  = f  ^r i  “ qP  ” ^r i  ~ ^  1 = 1 ,2
&ny2 i s  o b ta in e d  by in t e r c h a n g in g  s u b s c r i p t s  1 and 2.
-  6 8  -
• * E2 .4  D e te rm in a t io n  o f  th e  E m p ir ic a l  P a ra m e te rs  o f  th e  E q u a t io n s  f o r  G
One o f  th e  main u s e s  o f  s o l u t i o n  thermodynamics i s  to  p r e d i c t
e q u i l ib r iu m  p r o p e r t i e s  such  as m utual s o l u b i l i t y  v i a  th e  Gibbs e n e rg y .
However, due to  l a c k  o f  a d eq u a te  th e o ry ,  th e  p ro c e d u re  i s  u s u a l l y  r e v e r s e d
and the  Gibbs e n e rg y  i s  e s t im a te d  from e q u i l i b r i u m  d a t a  and u sed  as a means
of d a t a  r e d u c t i o n ,  b e c a u se  i t  i s  o f t e n  a r e l a t i v e l y  s im p le  m a t t e r  t o  o b ta in
e q u i l ib r iu m  d a t a  e x p e r i m e n t a l l y .  To c a l c u l a t e  th e  e x c e ss  Gibbs e n e rg y  from
Ee q u i l ib r iu m  d a t a ,  a p a r t i c u l a r  a r b i t r a r y  f u n c t i o n  f o r  G i s  chosen  and i t s  
e m p ir ic a l  p a r a m e te r s  a r e  e v a l u a te d .  T here  a r e  f o u r  common p ro c e d u re s  to  
c a l c u l a t e  p a r a m e te r s .  These a r e  b ased  on th e  f o l lo w in g  e q u i l i b r i u m  know ledge.
2 .A .1  V ap o u r-L iq u id  E q u i l ib r iu m  D ata
For b i n a r y  v a p o u r - l i q u i d  e q u i l i b r i a  th e  m easured  p r o p e r t i e s  a r e  
p r e s s u r e  P ,  t e m p e r a tu r e  T , l i q u i d  ph ase  co m p o s i t io n  x and v a p o u r  phase  
com position  y .  A cco rd in g  to  th e  phase  r u l e  any two o f  th e  m easured  p r o p e r t i e s  
a re  s u f f i c i e n t  to  d e s c r ib e  th e  e q u i l i b r i u m  sys tem . At e q u i l i b r i u m ,  th e  
fu g a c i ty  o f  eac h  component i n  th e  vapour  p h ase  i s  e q u a l  to  i t s  c o r re s p o n d in g  
fu g a c i ty  i n  th e  l i q u i d  p h a s e ;  t h i s  r e q u ire m e n t  y i e l d s  th e  therm odynamic 
r e l a t i o n s  (15)
2 . 4 .1
2 . 4 .2
where
2 . 4 . 3
2 . 4 . 4
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These e q u a t io n s  a re  s u b j e c t  to  mass c o n s t r a i n t s
x 1 + x2 = 1 2 . 4 .5
y l + y 2 = 1 2 . 4 .6
E x p re s s io n s  f o r  th e  f u g a c i ty  c o e f f i c i e n t ,  <f> and th e  l i q u i d  phase  
a c t i v i t y  c o e f f i c i e n t ,  y ,  a re  chosen and then  the  p a ra m e te rs  o f  th e  l i q u i d  
phase  a c t i v i t y  c o e f f i c i e n t s  a re  e v a lu a te d  e i t h e r  by a l e a s t  sq u a re  f i t ,  
(116 ,117) f o r  i n s t a n c e  on
€ E
= x 1£ny1 + x2*ny2 = f  (x ,T ,A i = 1 ^ )  2 . 4 .7
o r  by s o lv in g  Eq. 2 . 4 . 3  and Eq. 2 . 4 . 4  w i th  th e  a p p r o p r ia t e  e x p r e s s io n  f o r  
the  r e f e r e n c e  s t a t e  a c t i v i t y  c o e f f i c i e n t  i n s e r t e d :
£ny* = f ( x r,T,A12 ,A21) 2 . 4 . 8
£ny2 = f ( * ,T , A 2 1 ,A12) 2 . 4 . 9
This l a t t e r  method i s  r e s t r i c t e d  to  a maximum o f  two p a ra m e te rs  as on ly  
two e q u a t io n s  a r e  a v a i l a b l e .
2 . 4 . 2  L iq u id -L iq u id  Mutual S o l u b i l i t y  D ata
EF o r  p a r t i a l l y  m i s c ib le  system s p a ra m e te rs  o f  an e q u a t io n  f o r  G may 
be o b ta in e d  from m utua l s o l u b i l i t y  d a t a  as fo l lo w s :  i f  G i s  w r i t t e n  as a 
fu n c t io n  o f  x^ and x2 and two a d j u s t a b l e  p a ra m e te rs  A^2 and A21
GE = GE (x1 , x2 ,A12 ,A21) 2 .4 .1 0
th e n ,  u s in g  a sy m m e tr ica l  co n v en tio n  f o r  th e  a c t i v i t y  c o e f f i c i e n t s ,  they  
may be  w r i t t e n
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Y, -  Y (* j> x2 >Aj 2 *A2 j ) 2 . A.11
Y2 = Y(x 1 »x2 >A2 1 ,A12) 2 . A.12
s u b s t i t u t i o n  o f  th e  l a s t  two e q u a t io n s  i n t o  Eq. 2 . 1 . 8  g iv e s  a p a i r  o f  
s im u l ta n e o u s  e q u a t io n s  which may be w r i t t e n  i n  th e  fo l lo w in g  form
F =
x V  1 1
x Ty f2 2
x ,!y ”
1 1
x 'V '2 2
= 0
= 0
2 . A.13
2 . A. 1A
S in ce  c o n ju g a te  com positions  have a f i x e d  v a l u e  a t  a g iv e n  te m p e ra tu re  and 
p r e s s u r e ,  s o l u t i o n  o f  th e s e  s im u l ta n e o u s  e q u a t io n s  p ro v id e s  a means o f  
e s t i m a t i n g  A and ^21* Proce<*u re  c o n s i s t s  i n  s e a r c h in g  f o r  p a r a ­
m e te rs  w hich  s a t i s f y  Eq. 2 . A. 13 and Eq. 2 .A .1A . S im u l ta n e o u s ly  by 
m in im iz in g  th e  o b j e c t i v e  f u n c t i o n ,  F ,  by a  s e a r c h  method (1 1 7 ) ,  where
F(A, ,A ) = F2 + F2 
12 21  1 2 2 . A .15
The e f f i c i e n c y  of th e  p ro c e d u re  depends on th e  i n i t i a l  guess of th e  
p a ra m e te r s  and f r e q u e n t l y  convergence to  d i f f e r e n t  s e t s  o f  p a ra m e te rs  was 
o b se rv e d  (1 0 7 ) .  To avo id  the  v e ry  h ig h  n e g a t i v e  v a lu e s  o f  th e  p a ra m e te rs  
M a t t e l i n  and V erhoeye (108) p roposed  th e  f o l l o w i n g  o b j e c t i v e  fu n c t io n s
F(A, ,A , )  = 
12 21
, V i i x  Y -  U n  ^n~rr 
2 2 ‘
2 . A .16
An e q u i v a l e n t  fo rm u la t io n  o f  s im u l ta n e o u s  e q u a t io n s  may be b ased  on 
Eq. 2 , 1 .2 0  and Eq. 2 .1 .2 1  namely
8G 3G _  1  J pi — r
•j
8Xj
x!
3x1 x ' - x ’ 1 
x" 1 1
Gk  G v "X1 )
2 . A.17
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where th e  f r e e  energy  o f  m ixing  G i s  g iven  by
G = RT(x^£n x i + x ^ n  x2> + >x2 >A21 >A12) 2 .4 .1 8
2 . 4 .3  I n f i n i t e - D i l u t i o n  A c t i v i t y  C o e f f i c i e n t  D ata
The co n ce p t o f  i n f i n i t e  d i l u t i o n  a c t i v i t y  c o e f f i c i e n t  was in t ro d u c e d  
i n t o  thermodynamics by G au treaux  (1 1 8 ) .  As th e  mole f r a c t i o n  o f  one o f  th e  
components i n  b in a ry  m ix tu re  approaches  to  z e r o ,  i t s  a c t i v i t y  c o e f f i c i e n t
approaches  t o  a d e f i n i t e  l i m i t .  A side  from  th e  s t a t i s t i c a l  s i g n i f i c a n c e  o f
» « • • •  • •  •  00th e  i n f i n i t e  d i l u t i o n  a c t i v i t y  c o e f f i c i e n t  y i t  h as  g r e a t  p r a c t i c a l
im p o r ta n c e ,  b ecau se  one o f  th e  c h a r a c t e r i s t i c s  o f  s e p a r a t i o n  o r  p u r i f i c a t i o n  
p ro c e s s e s  i s  t h a t  most c o s t l y  p o r t i o n  o f  p u r i f i c a t i o n  occu rs  i n  th e  r e g io n  
app ro ach in g  i n f i n i t e  d i l u t i o n  where r e l a t i v e l y  p u re  m a t e r i a l  i s  c o n v e r te d  to  
m a t e r i a l  m ee tin g  s p e c i f i c a t i o n s  o f  h ig h  p u r i t y .  T h is  i s  a l s o  th e  r e g io n  
where th e  n o n - id e a l  m ix tu re  d i f f e r s  g r e a t l y  from i d e a l i t y .
The a c t i v i t y  c o e f f i c i e n t  i s  a m easure o f  th e  d e v i a t i o n  of  th e  b e h a v io u r  
o f  a component i n  a m ix tu re  from i d e a l i t y .  I t  can be d i r e c t l y  m easured a t  
f i n i t e  c o n c e n t r a t i o n .  A number o f  reviews and d i s c u s s io n s  on t h i s  measurements 
have ap p ea red  i n  the  l i t e r a t u r e  (1 1 9 ,1 2 0 ) .
OO CO #
When y and y 2 a re  m easured o r  a v a i l a b l e  th e  e v a l u a t i o n  o f  p a ra m e te rs
Eo f  a tw o -c o n s ta n t  e q u a t io n  f o r  G i s  r e l a t i v e l y  s im p le  m a t t e r ,  s i n c e  the
m a th e m a tic a l  e x p re s s io n  f o r  a c t i v i t y  c o e f f i c i e n t s  has  i t s  s im p l e s t  form a t  
• • • • •  « ° ° . *i n f i n i t e  d i l u t i o n .  The e x p re s s io n  f o r  £ny^ m  a b in a r y  m ix tu re  i s  d e r iv e d  as
x -»■ 0 f o r  th o se  e q u a t io n s  d i s c u s s e d  i n  Sec. 2 .3  and a re  g iv e n  below
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E qua tion
R egu la r  S o lu t io n  
Van L aa r  
R e d ic h -K is te r  
W ilson
F lo ry -H ugg ins  
N .R .T .L .
Orye 
H e i l
2 . 4 .4  S ed im en ta t io n  E q u i l ib r iu m
C u l l in a n  and Lenxzyk (121) h av e  r e c e n t l y  p roposed  the  phenomenon 
of s e d im e n ta t io n  e q u i l i b r i u m  as a b a s i s  f o r  a p r a c t i c a l  e x p e r im e n ta l  
te ch n iq u e  f o r  th e  d e t e r m in a t io n  o f  th e  l i q u i d  s o l u t i o n  thermodynamic 
p r o p e r t i e s .  He has  d eve loped  an e x p e r im e n ta l  te ch n iq u e  f o r  th e  d i r e c t  
d e te rm in a t io n  o f  chem ica l p o t e n t i a l  c o m p o s i t io n  d e r i v a t i v e s  i n  l i q u i d  
sys  terns.
The method in v o lv e s  s p in n in g  th e  l i q u i d  sample i n  a c e n t r i f u g e  
fo llo w ed  by a n a l y s i s  o f  c o m p o s i t io n  a g a i n s t  r a d i a l  p o s i t i o n  in  th e  
c e n t r i f u g e  f i e l d .  S e p a r a t io n  on th e  b a s i s  o f  m o le c u la r  w e ig h t  d i f f e r e n c e
r*-
i s  opposed by random m otion  and i n t e r m o l e c u l a r  a t t r a c t i o n s .  The d r i v i n g  
fo r c e  f o r  d i f f u s i o n  o f  s p e c ie s  1 i n  a 1-2  b in a r y  m ix tu re  s u b je c t e d  to  a
£ny = l im  £ny fny  *= lim  Jlny
/ I  1 2 2
V  0 X2
A A
12 12
A12 A21
4 (A -3A V. 4 (A +3A V
0 1 '  : 0 1'
W n A 12“A2 1 W n A 2 r A12
l - £ n r -  ~  + x l+ £ n r+ r (x ~ l)
t +t G t +t G
21 12 12 12 21 21
l-£nA 12-A21 -A
1 + t  +A ( t  - l ) - £ n A  1 + t  +A ( t  -1 )  -A
21 12 12 21 12 21 21 12
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c e n t r i f u g a l  f i e l d  i s  e q u a l  to  z e ro  when e q u i l ib r iu m  i s  e s t a b l i s h e d  a t  a 
g iven  r o t a t i o n a l  sp eed .  Then e q u i l i b r i u m  d i s t r i b u t i o n  f o r  a b in a ry  
system  becomes 
dx
(Mi -  d v ) u 2r  2<4>19
1
where r  i s  th e  r a d iu s  i n  the  d i r e c t i o n  o f  th e  imposed g r a v i t a t i o n a l  
f i e l d .  tL th e  m o le c u la r  w e ig h t  th e  p a r t i a l  m olar volume and w th e  
a n g u la r  r o t a t i o n  r a t e .
C u l l in a n  and Lenczyk (121) used  an i n t e g r a l  a n a l y s i s  making th e  
b a s i c  assum ption  t h a t  th e  f a c t o r
M1-dV 1
3xi
i s  c o n s ta n t .  I n t e g r a t i n g  E q . 2 .4 .1 9  th e y  o b ta in e d  
M.-dV. 2
x ! ■ x io T  ( r2  '  r or  2 - 4 - 20
A p l o t  o f  x.  ^ a g a i n s t  r 2 was found  to  be  l i n e a r  in  t h e i r  c a se .  The ch em ica l 
p o t e n t i a l  d e r i v a t i v e s  b e in g  d e te rm in e d  from th e  v a lu e  o f  s lo p e .
In  o r d e r  to  c ircum ven t th e  p rob lem  posed  by th e  i n t e g r a l  m ethod,
Sethy  (122) made u se  o f  W ilson e q u a t io n  as a form f o r  chem ica l p o t e n t i a l .  
The two e m p i r i c a l  p a ra m e te rs  were th en  d e te rm in e d  by r e g r e s s i o n .
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CHAPTER 3
DESCRIPTION OF APPARATUS
3 .1  The High P r e s s u r e  System
3 , 1 .1  The P r e s s u r e  G en e ra to r
P r e s s u r e  was g e n e ra te d  by a hand pump m anufac tu red  by P r e s s u r e
' r:
P ro d u c ts  I n c .  and t r a n s m i t t e d  to  the  bo ttom  o f  a p r e s s u r e  v e s s e l  a long  
a s t e e l  p ip e .  The pump was c a p a b le  o f  g e n e r a t in g  p r e s s u r e s  up to  
475 MN/m2". The p r e s s u r e s  were d i s p la y e d  on a Bourdon tube gauge 
d e sc r ib e d  by th e  maker a s  a c c u r a te  to  1 .2  MN/m2 , i f  h y s t e r e s i s  e f f e c t s  
a re  a llow ed  f o r .  The p r e s s u r e  t r a n s m i t t i n g  f l u i d  used  was d i s t i l l e d  
w a te r  c o n ta in in g  s u f f i c i e n t  m e thano l to  d e p re s s  th e  f r e e z i n g  p o i n t  
below th e  lo w e s t  te m p e ra tu re  u s e d .
3 . 1 ,2  The P r e s s u r e  V e s se l
The equ ipm ent c o n s i s t e d  o f  a th i c k - w a l l e d  s t a i n l e s s  s t e e l  c y l i n d e r  
m anufac tu red  by A u to c lav e  E n g in e e rs  I n c . ,  i t s  w orking  p r e s s u r e  b e in g  
420 MN/m2 a t  200°C. I t  was s e a le d  by means o f  a  V ito n  *0* r i n g  s e t  i n t o  
a groove i n  th e  m e ta l  p lu g  which formed th e  c l o s u r e .  This  p lu g  was 
r e t a i n e d  by a l a r g e  g la n d  n u t .  The v e s s e l  had an o u t s id e  le n g th  o f  
280 mm, an o u t s id e  d ia m e te r  o f  160 mm and an  i n t e r n a l  c a v i t y  o f  130 mm 
long by 50 mm b o r e .  H y d ra u l ic  f l u i d  was in t r o d u c e d  th ro u g h  an i n l e t  a t  
th e  b a se  o f  th e  v e s s e l .
The v e s s e l  b o l t e d  i n t o  a frame p ro v id e d  w i th  p i v o t s  a t  th e  c e n t r e  
o f  b a l a n c e .  The fram e cou ld  be  mounted i n  a c o n s t a n t  te m p e ra tu re  tan k
where i t  was su sp en d ed  by th e  p i v o t s  b e a r i n g  on r e c e s s e s  on e i t h e r  s i d e
o f  the  ta n k .  When th e  v e s s e l  i s  i s o l a t e d  from th e  p r e s s u r e  g e n e r a t o r ,
\
i t  i s  f r e e  to  move from a  v e r t i c a l  p o s i t i o n  to  th e  h o r i z o n t a l  p o s i t i o n  
o r  v ic e  v e r s a .
3 .1 .3  P ip in g
a) G e n e ra l : The tu b in g  used  f o r  convey ing  th e  p r e s s u r e  was 9 mm o,d. and
3 nmrffd and made o f  316 s t a i n l e s s  s t e e l  ( c o ld  worked b r i g h t  f i n i s h e d )  
m anufac tu red  by  A u to c lav e  E n g in e e r s  I n c .  I t s  w orking p r e s s u r e  was 
520 MN/m2 a t  40°C.
From th e  pump th e  h ig h  p r e s s u r e  p ip e  r a n  to  an i s o l a t i n g  v a lv e  and 
then  to  a fT’ ( F ig .  3 . 1 ) .  The to p  a c c e s s  was connec ted  to  th e  b a s e  o f  
th e  p r e s s u re  v e s s e l  by a s h o r t  n i p p l e .  The t h i r d  a c c ess  was f i t t e d  w i th  
a le n g th  o f  h ig h  p r e s s u r e  tu b in g  w hich  was b e n t  a t  a r i g h t  a n g le  to  r i s e  
above th e  s u r f a c e  o f  th e  h e a t i n g  medium and te rm in a te d  in  a b u r s t i n g  
d i s c  h o ld e r .  The p re b u lg e d  b u r s t i n g  d i s c  was r a t e d  a t  435 MN/m2 a t  
a tem p era tu re  o f  22 °C,
A l l  p ip e  c o n n e c t io n s  w ere o f  th e  A .E . cone ty p e .  A t y p i c a l  
co n n ec tio n  i s  shown i n  F ig .  3 . 2 .  The tu b e  was e x t e r n a l l y  coned a t  an 
ang le  o f  5 8 ° ,  th re a d e d  w i th  a l e f t  hand th r e a d  and a c o l l a r  screw ed  on .
An i n t e r n a l  cone was m achined a t  an a n g le  o f  60° to  th e  p a r t  w here th e  
h ig h  p r e s s u r e  c o n n e c t io n  was made. The e x t e r n a l  and i n t e r n a l  cones 
machined to  s l i g h t l y  d i f f e r e n t  a n g l e s ,  b e a r  on each o th e r  th rough  w hat i s  
e s s e n t i a l l y  a l i n e  c o n t a c t .  Thus, th e  m e ta l  to  m e ta l  c o n t a c t  a r e a  i s  
reduced  to  a minimum. A dequate  s t r e s s  f o r  e f f e c t i v e  s e a l i n g  was p r o v id e d  
by m oderate t i g h t e n i n g  o f  a  g la n d  n u t  p la c e d  b eh in d  th e  c o l l a r .  Each 
j o i n t  in  th e  h ig h  p r e s s u r e  p i p e - l i n e  was c a r e f u l l y  t e s t e d  f o r  l e a k s  b e f o r e  
i t  was covered by th e  h e a t i n g  medium.
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b) S e a l in g  o f  C a p i l l a r y  T ub ing : Samples o f  th e  two l a y e r s  w ere  w ithdraw n
from th e  sam ple  h o ld e r s  ( c . f .  3 .3 .  below) th ro u g h  a p a i r  o f  c a p i l l a r y  tubes  
(0 .3  mm o,d. and 0 .1  mm i.d) . The sm a l l  d ia m e te r  c a p i l l a r y  tu b in g  a l lo w s  
samples to  b e  w ithdraw n  a t  a low volume flow  r a t e ,  b u t  w i th  a "high 
v e l o c i t y  o f  f lo w  i n s i d e  th e  l i n e ,  so  t h a t  t h e r e  a r e  no prob lem s o f  
f r a c t i o n a t i o n  as  th e  sample i s  ta k e n .  The sm a l l  d ia m e te r  o f  th e  
c a p i l l a r y  a l s o  re d u c e s  th e  l i q u i d  h o ld -u p  (d ead  volume) to  a minimum.
Each c a p i l l a r y  was s o ld e r e d  to  h ig h  p r e s s u r e  tu b in g  j u s t  b e f o r e  
the  v a lv e  t o  p r e v e n t  h y d r a u l i c  f l u i d  from l e a k in g  i n t o  th e  sample b e in g  
drawn o f f  ( F i g .  3 . 3 ) .  C o n tam ina tion  o f  th e  sam ple w i th  h y d r a u l i c  f l u i d  
(which was w a te r -m e th a n o l  m ix tu re )  would g r e a t l y  u p s e t  th e  e q u i l i b r i u m  
c o n d i t io n .  The c a p i l l a r y  tube  was s u b je c t e d  v i r t u a l l y  to  th e  same 
i n t e r n a l  and e x t e r n a l  p r e s s u r e ,  e x c e p t  th ro u g h  th e  s o l d e r e d  p a r t  w here 
i t  e x p e r ie n c e s  th e  f u l l  p r e s s u r e  o f  th e  sy s tem  a c r o s s  i t s  w a l l .  I t  was 
a l s o  s u b je c t e d  to  some e x t e r n a l  p r e s s u r e ,  w h i le  sam ples  w ere b e in g  w i th ­
drawn.
3 . 2  The C o n s ta n t  T em peratu re  P a th
3 .2 .1  D e s c r i p t i o n
The ta n k  was c o n s t r u c t e d  from 3 mm m ild  s t e e l  p l a t e .  The d iam ens ion  
o f  th e  tan k  was 800 x 350 x 400 mm and i t  c o n ta in e d  a p p ro x im a te ly  90 l i t r e s  
o f  h e a t in g  medium. The tan k  was i n s u l a t e d  w i th  g l a s s  wool to  re d u c e  th e  
h e a t  t r a n s f e r .  The w a l l  o f  th e  tan k  s e rv e d  a l s o  as  a  s u p p o r t  f o r  th e  r e c e s s  
o f  th e  p i v o t s  b e a r in g s  and pneum atic  pump.
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s o ld e r
B rass bush
P re s su re  tu b in g
F ig .  3 ,3  Method o f  s e a l i n g  th e  c a p i l l a r y  i n t o  the  h igh  
p r e s s u r e  n i p p l e .
P re s s u re  tu b in g
Gland n u t
C o l l a r
Bod
F ig .  3 .2  The E x t e r n a l - i n t e r n a l  cone co n n e c t io n .
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3 .2 .2  H e a t in g  Medium
S h e l l  m otor o i l  " D ia la  o i l  B" was used  as th e  h e a t in g  medium i n  th e  
te m p e ra tu re  ran g e  0°C and 100°C. For te m p e ra tu re s  below 0°C a m e th an o l-  
w a te r  m ix tu re  was u sed ,  and a t  above 100°C " S h e l l  th e rm al o i l  3S".
3 .2 .3  C o n tro l  o f  te m p era tu re
In  th e  ran g e  0°C and 200°C te m p e ra tu re s  were c o n t r o l l e d  w i th  a 
m ercury  c o n t a c t  therm om eter and m o n ito red  by a  good grade  m e rc u ry - in -  
g la s s  the rm om eter .  At te m p e ra tu re s  below  0°C, te m p e ra tu re  was c o n t r o l l e d  
by a t h e r m is to r  te m p e ra tu re  c o n t r o l l e r  (F ig .  3 . 4 ) .
The t h e r m i s to r  s e n s o r  i s  used  as a p a r t  o f  a r e s i s t o r  b r id g e  n e t ­
work w i th  a 741 o p e r a t i o n a l  a m p l i f i e r  as a b u f f e r  and a m icro  amperemeter 
(pA) to  g iv e  an i n d i c a t i o n  o f  te m p e ra tu re .  As th e  te m p e ra tu re  changes th e  
t h e r m is to r  r e s i s t a n c e  changes and th e  o u tp u t  a c c o r d in g ly .  This  o u tp u t  i s  
fe d  to  a n o th e r  o p e r a t i o n a l  a m p l i f i e r  used  as a c o m p a ra to r . The o th e r  in p u t  
to  th e  com para to r  i s  connec ted  to  a p o te n t io m e te r  w hich i s  c a l i b r a t e d  to  
s e t  te m p e ra tu re  c o n t r o l .  The o u tp u t  from th e  com para to r  c o n t r o l s  a t r i a c  
v i a  a t r a n s i s t o r .  The t r i a c  g iv e s  ON-OFF c o n t r o l  o f  240 V, 50 Hz to  a 
h e a t e r  as th e  i n p u t  v a ry in g  w i th  te m p e ra tu re  p a s s e s  th e  r e f e r e n c e  v o l t a g e  
from th e  p o t e n t io m e te r .  The c i r c u i t  o p e r a te s  from a 12 V supp ly  g iven  
from a t r a n s f o r m e r ^ r e c t i f i e r  b r id g e  and 78 L12 r e g u l a t o r .
3 .3  Sample H olders
3 .3 .1  The D esign  Requirem ents
In  d e s ig n in g  t h i s  p a r t  of th e  equipm ent a number o f  re q u ire m e n ts  had 
to  be f u l f i l l e d :
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a) Means m ust be  p ro v id e d  f o r  sam ples o f  b o th  phases  to  be w ithdraw n 
w h ile  th e  a p p a ra tu s  i s  s t i l l  p r e s s u r i s e d .
b) S ince  sam ples were to  be w ithdraw n from i t ,  i t s  volume m ust be a b le  
t o  change .
c) I t  m ust be c o m p le te ly  le a k  p ro o f  s in c e  any in l e a k  o f  h y d r a u l i c  f l u i d  
would change th e  e q u i l i b r i u m  c o m p o si t io n  o f  th e  two p h a s e s .
d) For e q u i l i b r i u m  to  be  a t t a i n e d  i n  re a s o n a b le  tim e i t s  c o n te n ts  must 
be s t i r r e d .
e) The whole a p p a ra tu s  must be f i t t e d  i n t o  a c a v i ty  50 mm d ia m e te r  and 
130 mm i n  le n g th .
3 .3 .2  P i s to n - C y l in d e r  A rrangem ents
The main body o f  th e  v e s s e l  f o r  h ig h  p r e s s u r e  s t u d i e s  was c o n s t r u c t e d  
from a p ie c e  o f  s t a i n l e s s . s t e e l  b a r .  This b a r  was b o red  o u t  to  a d ia m e te r  
of 35 mm le a v in g  a  s u b s t a n t i a l  end as c l o s u r e .  A s t a i n l e s s  s t e e l  p i s t o n  
was f i t t e d  to  th e  o th e r  end o f  th e  c y l i n d e r .  The p i s t o n  was s e a l e d  by 
two f0 T r i n g s ;  t h a t  in  c o n t a c t  w i th  th e  m ix tu re  b e in g  o f  ' p . t . f . e . 1 and th e  
o th e r  'n e o p r e n e 1 .
To w ithdraw  samples from th e  top l a y e r ,  a c a p i l l a r y  was a t t a c h e d  to  
the  c e n t r e  o f  th e  c lo se d  end as  shown in  F ig .  3 .5 .  Samples o f  th e  low er 
l a y e r  were w ithdraw n v i a  c a p i l l a r y  which was a t t a c h e d  to  th e  p i s t o n  th ro u g h  
an ang led  i n s e r t  w i th  a b ack in g  n u t .  This c a p i l l a r y  was a l lo w ed  to  p r o t r u d e  
about 15 mm above th e  c o n n e c to r .  A fL f s to p  was i n s e r t e d  i n t o  th e  end o f  
th e  p i s t o n  to  p r o t e c t  th e  c a p i l l a r y  tu b e .  To m inim ize s t r a i n  on th e  
c a p i l l a r y ,  when th e  p i s t o n  r o s e ,  p l e n t y  o f  s l a c k  was a l low ed  i n  th e  form  o f  a 
c o i l .
F ig ,  3 .5  D e t a i l  o f  th e  P i s to n - C y l in d e r  E q u i l ib r iu m  C e l l .
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The i n s i d e  f a c e  o f  th e  p i s t o n  was machined as shown in  F ig .  3 .5  
to  a s s i s t  w i th  th e  rem oval o f  a i r  b u b b le s  which c o l l e c t  on f i l l i n g  the  
c y l i n d e r .  When f i l l i n g  th e  sample h o ld e r  a f t e r  a p re v io u s  e x p e r im e n ta l  
ru n ,  th e  p i s t o n  was w ithdraw n from the  c y l in d e r  by j a c k in g  b o l t s ,  th e  
u se  o f  which p r e v e n t s  damage to  th e  c y l in d e r  w a l l s .
The sam ple h o ld e r  was a t t a c h e d  to  two arms o f  a s u p p o r t in g  frame 
by f o u r  c o u n te r - s u n k  sc re w s .  The s u p p o r t in g  frame i t s e l f  was h e ld  to  
th e  co v e r  o f  th e  p r e s s u r e  v e s s e l  by t h r e e  c o u n te r - s u n k  s c re w s .  An 
exp loded  view o f  th e  sample h o ld e r  i s  shown in  F ig .  3 . 6 . a .
3 .3 .3  Double C y l in d e r  A rrangem ents
The second v e s s e l  deve loped  f o r  th e  h ig h  p r e s s u r e  s t u d i e s  c o n s i s t e d  
o f  a p a i r  o f  c o n c e n t r i c  s t a i n l e s s  s t e e l  c y l i n d e r s .  Each c y l i n d e r  was 
m achined from a s h o r t  le n g th  o f  s t a i n l e s s  s t e e l  b a r  l e a v in g  a th i c k  end 
c lo s e d .  A cap was th re a d e d  to  th e  open end o f  each  o f  th e  c y l i n d e r s .
A f i l l i n g  h o le  was d r i l l e d  in th e  cap o f  th e  in n e r  c y l i n d e r  which 
was coned as shown in  F ig .  3 .7  to  a s s i s t  th e  rem oval o f  a i r  b u b b le s .  The 
in n e r  c y l in d e r  had  a s id e  h o le  a t  th e  bo ttom  end w hich , in  u s e ,  i s  always 
covered  by m ercury  c o n ta in e d  by th e  o u te r  c y l i n d e r .  To w ithdraw  samples 
o f  b o th  o f  th e  c o e x i s t i n g  p h a s e s ,  two c a p i l l a r y  tu b e s  e n t e r e d  i n t o  th e  
system  th rough  th e  bo ttom  h o l e .  One o f  them was ex ten d ed  r i g h t  to  th e  top 
to  w ithd raw  sam ples  from th e  upper  l a y e r .  The p o s i t i o n  o f  th e  o th e r  
c a p i l l a r y  was d e te rm in e d  by a t r i a l - e r r o r  app roach  to  w ith d raw  sam ples from the  
low er l a y e r .
At th e  capped end o f  th e  o u te r  c y l in d e r  a h o le  3 mm i n  d ia m e te r  was 
d r i l l e d  to  ad m it  th e  h y d r a u l i c  f l u i d  and c a p i l l a r i e s .  This  h o le  was s l o t t e d  
to  th e  top edge to  en a b le  th e  c a p i l l a r i e s  to  be removed w i th o u t  detachm ent
F i g . 3 .6  An ex p lo d e d  view o f  e q u i l i b r i u m  c e l l s
F ig .  3 .7  Double C y l in d e r  E q u i l ib r iu m  C e l l .
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from th e  in n e r  c y l i n d e r .  B oth  o f  th e  c a p i l l a r i e s  p a s se d  th rough  th e  
p o r t  o f  th e  p lu g  to  i t s  own th re e -w a y  h ig h  p r e s s u r e  v a lv e  s i t u a t e d  
o u t s id e  th e  v e s s e l .  An ex p lo d ed  v iew  o f  t h i s  h o ld e r  i s  shown i n  F ig .
3 .6 .b  and th e  com plete  assem bly  in  F ig .  3 .8 .
3 .4 .  Gas Chromatograph
3 .4 .1  A ppara tu s
A n a ly s is  o f  each  m ix tu re  was c a r r i e d  o u t  on a Hewlet P ackard  5700 
gas ch rom a to g rap h ic  u n i t  w i th  a th e rm a l c o n d u c t iv i t y  d e t e c t o r .  The s i g n a l  
o b ta in e d  from th e  d e t e c t o r  was c o n t in u o u s ly  re c o rd e d  as a f u n c t io n  o f  tim e on 
a s t r i p - c h a r t  r e c o r d e r .  The a r e a  o f  each  o f  th e  component peaks was m easured  
by a Pye Unicam DP88 Computing I n t e g r a t o r .  The column was a 3000 mm s p i r a l  
s t a i n l e s s  s t e e l  tube  o f  3 mm ID packed  with 80/100 mesh Porapack  Q. . Helium 
was used  as a c a r r i e r  gas a t  a c o n s t a n t  f low  r a t e  f o r  each sys tem .
The samples were in t ro d u c e d  i n t o  th e  gas chrom atograph ic  column 
th ro u g h  a s i l i c o n  ru b b er  septum  by means o f  a p lu n g e r -o p e ra te d  i n j e c t i o n  
n e e d l e .  The s ta n d a rd  i n j e c t i o n  te c h n iq u e s  d e s c r ib e d  by Schupp (123) were 
fo l lo w e d .  The optimum w ork ing  te m p e ra tu re  a t  th e  i n j e c t i o n  p o r t ,  i n  th e  
oven and d e t e c t o r  b lo ck  were found  by a t r i a l  and e r r o r  app roach ,  and a r e  
g iv e n  in  th e  fo l lo w in g  t a b l e  f o r  each  m ix tu r e .  Some of th e  a c t u a l  chrom ato­
grams o f  3 m e thy l 2 bu tano n e-p ro p an o n e  m ix tu re  a r e  shown in  F ig .  3 .9 ,  
to g e th e r  w i th  co r re sp o n d in g  i n t e g r a t o r  o u tp u t .
3 . 4 .2  C a l i b r a t i o n
A number o f  s y n t h e t i c  m ix tu re s  w ere made up by w e ig h t and a n a ly se d  
to  c a l i b r a t e  the  d e t e c to r  r e s p o n s e .  The a r e a  c o r r e c t i o n  f a c t o r s  were th en  
c a l c u l a t e d  u s in g  one o f  th e  components as  a  r e f e r e n c e .  Water in  th e  aqueous
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M ixtu re
I n j e c t i o n
P o r t
T°C
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Flow
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3 m ethy l 
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2 b u ta n o l-"  
w a te r
C a r b o n d i s u l f id e -  
propanone
200
200
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220
215
165
200
200
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50
50
30
m ix tu re s  and propanone in  th e  p ro p a n o n e - c a r b o n d is u l f id e  m ix tu re  were 
r e s p e c t i v e l y  used  as th e  r e f e r e n c e  component.
A rea c o r r e c t i o n  f a c t o r s  (C .F .)  a r e  c a l c u l a t e d  by comparing th e  
re sp o n se  o f  each  component to  th e  r e f e r e n c e  o f  each  system  c o n s id e re d .
CF =
B x  .r  i
B. X ~l  r
3.4.1
In  ah a n a l y s i s  ru n ,  th e  a r e a  o f  each component i s  m u l t i p l i e d  by i t s  C .F. 
to  f i n d  th e  c o r r e c t e d  a r e a .  Then th e  r a t i o  o f  th e  c o r r e c t e d  a r e a  o f  each  
component to  th e  whole c o r r e c t e d  a r e a  was ta k e n  to  f i n d  th e  a c t u a l  
com posi tion  o f  th e  m ix tu re ,£ see_append jx  3).*
CHAPTER 4
EXPERIMENTAL TECHNIQUE
4.1  D e te rm in a t io n  o f  th e  Mutual S o l u b i l i t y  D ata a t  A tm ospheric  and a t  
S l i g h t l y  E le v a te d  P re s s u re
4 .4 .1  A n a l y t i c a l  Method
a) At A tm ospheric  P r e s s u r e :
Equal volumes o f  abou t 20 ml o f  each o f  the  components o f  b in a ry  
m ix tu re  to  be i n v e s t i g a t e d  were p la c e d  in  a t e s t  tube  which was immersed 
in  a c o n s ta n t  te m p e ra tu re  b a t h .  The t e s t  tube  was equ ipped  w i th  a  s to p c o c k
J
th rough  which sam ples o f  b o th  la y e r s  cou ld  be e x t r a c t e d  w i th  a s y r in g e .
To en su re  e q u i l i b r i u m ,  th e  l i q u i d  p h ases  w ere mixed th ro u g h ly  f o r  a c e r t a i n  
le n g th  o f  time w i th  a g la s s  s t i r r e r  d r iv e n  by an e l e c t r i c a l  m o to r ,  then  
a llow ed  to  re a c h  com plete  s e p a r a t io n  confirm ed  a n a l y t i c a l l y .
Samples w ere ta k en  from b o th  l a y e r s  a t  th e  same tim e by two hypoderm ic 
s y r in g e s .  Each sample was p u t  i n t o  a v i a l  w hich a l r e a d y  c o n ta in e d  enough 
s o lv e n t  (propanone) to  p r e v e n t  phase  s e p a r a t i o n .  The s y r in g e s  w ere washed 
o u t  s e v e r a l  tim es by ta k in g  the  whole c o n te n t  o f  the  v i a l  i n t o  th e  s y r in g e  
and f lu s h e d  back  to  red u ce  th e  r e s u l t i n g  e r r o r s  due to  w e t t in g  and to  
en su re  un ifo rm  m ix in g .  The system  was then  f u r t h e r  s t i r r e d  and th e  above 
p ro ced u re  was r e p e a t e d  u n t i l  a t  l e a s t  two s u c c e s s iv e  a n a l y t i c a l  r e s u l t s  were 
found to  be th e  same.
For th e  t e r n a r y  system  the  t h i r d  component was added i n  sm a l l  amounts 
a t  c o n s ta n t  te m p e ra tu re  and p r e s s u r e  u n t i l  th e  c r i t i c a l  s o l u t i o n  com posi tion  
was reac h ed .  A f t e r  each  a d d i t io n  o f  th e  t h i r d  component, th e  m ix tu re  was
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t r e a t e d  e x a c t ly  l i k e  a b in a ry  sy stem  e x c e p t  t h a t  the  s o lv e n t  used to  
m a in ta in  hom ogeneity  o f  th e  samples was d ry  m e th an o l.
b) A t S l i g h t l y  E le v a te d  P re s s u re
To e x te n d  th e  te m p era tu re  range  upw ards, i t  i s  n e c e s s a ry  to  m a in ta in  
a t o t a l  p r e s s u r e  which i s  g r e a t e r  than  o r  e q u a l  to  th e  vapour  p r e s s u r e  o f  
th e  sy s tem . To ach iev e  t h i s  th e  s im p le  e q u i l i b r a t i o n  a p p a ra tu s  o f  F ig .
4 .1  was d e v i s e d .
The main body o f  th e  v e s s e l  was machined from a p ie c e  o f  s t a i n l e s s  s t e e l  
b a r  o f  50 mm d ia m e te r .  This b a r  was b o red  o u t  l e a v in g  a s u b s t a n t i a l  end 
as a c l o s u r e .  Then a th i c k  s t a i n l e s s  s t e e l  p l a t e  was welded on th e  open end .
r - '
A therm ocouple  b o ss -h e a d  was th re a d e d  to  the  c e n t r e  o f  th e  p l a t e .  Two 
s t a i n l e s s  s t e e l  c a p i l l a r y  tubes  p a s s e d  th ro u g h  th e  b o s s -h e a d .  One o f  them 
ex tended  to  th e  bo ttom  o f  the  c y l i n d e r ,  th e  o th e r  was a l low ed  to  p r o t r u d e  
abou t 25 mm i n t o  the  v e s s e l  to  av o id  sam pling  th e  vapour p h a se .  B oth  o f  
th e  c a p i l l a r i e s  were s i l v e r - s o l d e r e d  to  th e  b o s s -h e a d  by sw ea ting  and each  
communicated w i th  i t s  own th ree -w ay  h ig h  p r e s s u r e  v a lv e .
The m ix tu re s  were made up to  a p p ro x im a te ly  known o v e r - a l l  c o m p o s i t io n s ,  
such t h a t  two e q u i l ib r iu m  la y e r s  o f  more o r  l e s s  e q u a l  volumes would form a t  
th e  te m p e ra tu re  i n  q u e s t io n .  One f i f t h  o f  th e  volume o f  the  v e s s e l  was l e f t  
as vapour s p a c e .  The v e s s e l  was immersed i n t o  a c o n s ta n t  te m p e ra tu re  b a th  
and a l lo w ed  to  re a c h  the  b a th  te m p e ra tu re .  M ixing was c a r r i e d  ou t by 
r a i s i n g  and low ering  one end o f  th e  v e s s e l .  E s ta b l i s h m e n t  o f  com plete  
s e p a r a t io n  o f  th e  c o e x i s t in g  phases  and a t t a in m e n t  o f  e q u i l ib r iu m  w ere 
confirm ed by sam pling  a t  one h o u r ly  i n t e r v a l s ,  u n t i l  th e  com posi tion  was 
found to  be  c o n s i s t e n t  w i th  th e  p re v io u s  r e s u l t .  Samples were withdraw n 
as d e s c r ib e d  i n  S e c t io n  4 . 2 . 3 . b and a n a ly se d  by gas chrom atography.
V // / / / / / / / / / / 7 / / / / / / / / / / / / / / / I 7 7 .
F ig .  4 .1  A n a ly t i c a l  C e l l  f o r  D e te rm in a t io n  o f  the  M utual S o l u b i l i t y  
o f  Tem peratures Above th e  B o i l in g  P o in t  o f  th e  M ix tu re .
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4 .1 .2  The L ig h t  T ran sm iss io n  Method
In o rd e r  to  e l im i n a t e  th e  s u b j e c t i v i t y  o f  th e  commonly used  ’ c loud  
m ethod’ in  th e  d e t e r m in a t io n  o f  th e  c r i t i c a l  s o lu t i o n  te m p e ra tu re  o f  a 
b in a ry  system  and th e  c r i t i c a l  s o l u t i o n  com position  o f  a tw o-phase  m u l t i -  
component sy s tem , a l i g h t  t r a n s m is s io n  method has been d e v is e d .  The method 
r e l i e s  upon th e  developm ent o f  o p t i c a l  t u r b i d i t y  when a second phase  
s e p a r a t e s  o u t  a t  a c r i t i c a l  p o i n t .  This  t u r b i d i t y  r e s u l t s  from the  d i f f e r e n c e  
in  r e f r a c t i v e  in d e x  betw een th e  d i s p e r s e d  and con tinuous  p h a s e s .  I t  c o n s i s t s  
o f  s t i r r i n g  v ig o r o u s ly  a s y n t h e t i c  m ix tu re  c o n ta in e d  in  a t e s t  tube  o r  c lo s e d  
g la s s  c e l l  and p a s s in g  th ro u g h  th e  sample a p a r a l l e l  beam o f  l i g h t .  The 
i n t e n s i t y  o f  l i g h t  t r a n s m i t t e d  by th e  m ix tu re  from a s t a b i l i s e d  v o l t a g e  
tu n g s te n  lamp was m easured w i th  a p h o t o - c e l l .  The d i s c o n t i n u i t y  i n  th e  
r e l a t i o n s h i p  betw een te m p e ra tu re  and p h o t o - c e l l  o u tp u t  was found b o th  on 
h e a t in g  and on c o o l in g .  The av e rag e  o f  th e s e  two v a lu e s  was ta k e n  to  
co rrespond  to  th e  C .S .T , o f  th e  m ix tu re .
a) A p p l i c a t io n  o f  th e  L ig h t  T ra n sm is s io n  Method to  a B ina ry  System
At te m p e ra tu re s  where th e  vapour p r e s s u r e  o f  the  system  i s  low, th e  
experim ent was c a r r i e d  o u t  in  a s to p -c o c k e d  g la s s  t e s t  tube  immersed in  a 
g la s s  ta n k .  The c o n te n ts  o f  th e  t e s t  tu b e  were s t i r r e d  by a g l a s s  s t i r r e r  
d r iv e n  by an e l e c t r i c a l  m o to r .
To ex ten d  the  te m p e ra tu re  to  th e  v i c i n i t y  o f  th e  normal b o i l i n g  p o i n t  
o f  the  m ix tu re  o r  above , the  c e l l  o f  F ig .  4 .2  was c o n s t r u c t e d .  I t  was made 
from a s h o r t  l e n g th  o f  b u t t r e s s - e n d  b o r o s l i c a t e  g la s s  tube  (100 mm’in  le n g th  
and 25 mm i n  d i a m e t e r ) . The ends were each  c lo se d  by a f l a n g e  w i th  a s b e s to s  
i n s e r t s ,  b o l t e d  to  a m e ta l  p l a t e .  F u l l - f a c e  ’T e f lo n ’ g a sk e ts  p ro v id e d  th e  
e f f e c t i v e  s e a l i n g .  The c e l l  had an i n t e r n a l  p r o p e l l e r  d r iv e n  by an e x t e r n a l  
magnet.
m m m iw it l
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F ig .  4 .2  O p t ic a l  C e l l  f o r  th e  Measurements o f  th e  L ig h t  
T ran sm iss io n  Method.
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Two o th e r  o p t i c a l  c e l l s  w ere c o n s t r u c t e d  w ith  the  hope o f  c l o s i n g  
the  demixing curve  o f  th e  3 m e th y l 2 b u ta n o n e -w a te r  system . The f i r s t  
co m sis ted  o f  a s h o r t  le n g th  o f  g l a s s  tu b in g  c lo se d  by two th i c k  m e ta l  
p l a t e s  f a s t e n e d  by means o f  t h r e e  b o l t s .  E f f e c t i v e  s e a l i n g  was p ro v id e d  
by a p a i r  o f  t e f l o n  'O ' r in g s  conform ing w i th  BS1806 l e t  i n t o  th e  end 
p l a t e s  as shown in  F ig .  4 .3 .  The c o n te n ts  o f  th e  c e l l  were s t i r r e d  
m anually  by r o t a t i n g  th e  c e l l  e n d -o v e r -e n d .
The second c e l l  i s  shown in  F ig .  4 .4 ,  i t  a l lo w s  th e  f r e e  e x p an s io n  
o f  g la s s  tu b in g .  G ra p h ite  im pregna ted  s t r i n g  was employed as p a c k in g .  I t  
was s t i r r e d  m anually  by r e p e a t e d ly  i n v e r t i n g  the  c e l l .
The te m p era tu re  i n  each  c e l l  was m easured  w i th  a sh e a th e d  c o p p e r -
c o n s ta n ta n  therm ocouple w i th i n  th e  c e l l .  An a i r  b a th  w ith  two g la s s
windows was used  to  h e a t  up th e  m ix tu r e .  The c r i t i c a l  s o l u t i o n  tem pera­
tu r e  i n  th e  l a s t  two c e l l s  was de te rm in ed  by o b se rv in g  th e  d is a p p e a ra n c e
o f  a c loud  p o i n t  w h ile  h e a t in g  and by th h  appearance  o f  t r a c e s  o f  t u r b i d i t y  
w h i le  c o o l in g .  The average  o f  th e s e  two v a lu e s  i s  taken  to  be th e  c r i t i c a l  
s o l u t i o n  te m p e ra tu re .
b )  A p p l ic a t io n  o f  th e  L ig h t  T ran sm is s io n  Method to  a T erna ry  System
A s i m i l a r  te ch n iq u e  was used  to  d e te rm in e  c r i t i c a l  s o l u t i o n  compo­
s i t i o n  o f  a tw o-phased t e r n a r y  system  a t  c o n s ta n t  te m p e ra tu re  and p r e s s u r e .  
The t h i r d  component was added step-wise i n t o  v ig o ro u s ly  s t i r r e d  m ix tu re  o f  
known amounts o f  th e  o th e r  two com ponents. A t each  s t e p ,  th e  amount o f  th e  
component added was de te rm in ed  by w eigh ing  th e  hypoderm ic s y r in g e  b e f o r e  
and a f t e r .  The d i s c o n t i n u i t y  found in  th e  r e l a t i o n s h i p  betw een  s o lv e n t  
added and p h o t o - c e l l  o u tp u t  was ta k e n  to  c o r re sp o n d  to  th e  c r i t i c a l  
c o n c e n t r a t i o n  o f  the  m ix tu r e .
F ig ,  4 .3  O p t ic a l  C e l l  f o r  ’Cloud P o i n t ’ O b se rv a t io n .
F ig .  4 .4  O p t ic a l  C e l l  f o r  ’ Cloud P o i n t ’ O bse rva tion ,
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4 .2  D e te rm in a t io n  o f  L iq u id -L iq u id  E q u i l ib r iu m  Data a t  High P re s s u re
4 .2 .1  P r e p a r a t io n  o f  th e  A ppara tus
a) F i l l i n g  th e  P i s to n - C y l in d e r  H o lder
The sample h o ld e r  w ith  th e  v e s s e l  cover and v a lv e  system  a t t a c h e d  was 
in v e r t e d  and h e l d  in  a r o t o r  s t a n d .  By lo o se n in g  th e  b o l t  i n  th e  c e n t r e  
of  the  p i s t o n  th e  c a p i l l a r y  tube  was removed. The sample h o ld e r  was 
loaded w i th  a m ix tu re  t h a t  would form more o r  l e s s  eq u a l  volumes a t  th e  
c o n d i t io n s  o f  i n t e r e s t .  The c a p i l l a r y  was then  r e p la c e d  and i t s  r e t a i n i n g  
b o l t  t i g h t e n e d .
b) F i l l i n g  th e  D o u b le -C y l in d e r  H o lder
The l i n e r  was f i l l e d  w i th  s u f f i c i e n t  mercury to  co v e r  th e  bo ttom  h o le  
o f  th e  sample c o n t a i n e r .  The sample h o ld e r  to g e th e r  w i th  th e  c a p i l l a r i e s  
i n s e r t e d  and f i x e d  was low ered  i n t o  th e  l i n e r .  Then i t  was f i l l e d  w i th  a 
m ix tu re  t h a t  would form ro u g h ly  e q u a l  volumes o f  each p h ase  a t  the  
c o n d i t io n s  i n  q u e s t i o n .  The f i l l i n g  h o le  was c lo s e d  w i th  a b o l t  and 
com pression  w a sh e r .  The sample c o n t a in e r  was f ix e d  so t h a t  th e  p r e s s u r e  
t r a n s m i t t i n g  h o le s  were d ia g o n a l ly  o p p o s i te .  More m ercury was added and 
the  l i n e r  was c l o s e d .  The l i n e r  was a t t a c h e d  to  th e  s u p p o r t in g  arms o f
the  v e s s e l  co v e r  so  t h a t  when th e  whole u n i t  was b ro u g h t  to  th e  h o r i z o n t a l
p o s i t i o n  th e  l i n e r  h o le  was p o s i t i o n e d  upwards.
4 .2 .2  Assembly o f  the  A ppara tus
The sample h o ld e r  to g e th e r  w i th  th e  v e s s e l  cover  was low ered  i n t o  
th e  v e s s e l  and th e  c l o s i n g  n u t  screw ed down u n t i l  a lm os t t i g h t .  Then th e  
p r e s s u r e  t r a n s m i t t i n g  l i q u i d  was g e n t ly  pumped i n t o  the  v e s s e l  by means o f
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a p rim ing  pump, u n t i l  i t  seeped  o u t  around the  c lo s in g  n u t .  The r e t u r n  
v a lv e  to  th e  h y d r a u l i c  r e s e r v o i r  was opened and th e  c l o s i n g  n u t  t i g h t e n e d ,  
f o r c in g  ex ce ss  h y d r a u l i c  f l u i d  back  i n t o  th e  r e s e r v o i r  and so e n s u r in g
t h a t  no a i r  was t r a p p e d  w i th i n  th e  v e s s e l .
4 .2 ,3  E x p e r im e n ta l  P ro ced u re
a) A tta in m en t  o f  e q u i l i b r i u m
B efore  th e  a p p a ra tu s  was assem bled  th e  o i l  b a th  was s e t  to  th e
r e q u i r e d  te m p e ra tu r e .  The r e q u i r e d  p r e s s u r e  was s low ly  b u i l t  up so t h a t
enough time was a l lo w ed  f o r  th e  h e a t  o f  com pression  to  d i s s i p a t e .  Then 
the  v e s s e l  was i s o l a t e d  from th e  p r e s s u r e  g e n e ra to r  by c l o s i n g  an i s o l a t i n g  
v a lv e .  The r i s e  i n  p r e s s u r e  due to  th e  r e d u c t io n  o f  volume cau sed  by th e  
advancing  v a lv e  s p i n d l e ,  was so sm a l l  t h a t  i t  was n o t  r e g i s t e r e d  on th e  
p r e s s u r e  gauge.
When m ix ing  o f  th e  sample under  t e s t  was r e q u i r e d ,  the  p r e s s u r e  
g e n e ra to r  was i s o l a t e d  and th e  p re s s u re -  v e s s e l  was r o t a t e d  to  a h o r i z o n t a l  
p o s i t i o n .  The v e s s e l  was then  rocked  by an arm c o n n e c t in g  th e  frame h o ld in g  
th e  v e s s e l  to  a p n eum atic  pump o f  which s t r o k e  and speed  were c o n t r o l l a b l e .  
The c o n te n ts  o f  th e  sample h o ld e r  were s t i r r e d  by the  movement o f  a  no n -  
porous ceram ic  b a l l  which a c te d  as a s t i r r e r .  R a is in g  and lo w e r in g  th e  
head o f  the  v e s s e l  caused  th e  ce ram ic  b a l l  to  r o l l  from end to  end o f  th e  
sample h o ld e r .
A f te r  a d e q u a te  m ix ing  to  a c h ie v e  e q u i l ib r iu m ,  th e  m ix tu re  was s to o d  
to  a l low  s e g r e g a t io n  o f  th e  two p h a s e s .  Samples o f  the  two l a y e r s  were th e n  
withdrawn th ro u g h  a p a i r  o f  c a p i l l a r y  tubes  as d e s c r ib e d  in  th e  f o l lo w in g  
s u b s e c t io n ;  The le n g th  o f  tim e to  reac h  com plete s e p a r a t i o n  o f  th e  co­
e x i s t i n g  p h ases  and f o r  th e  a t t a in m e n t  o f  e q u i l ib r iu m  was d e te rm in e d  by
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sam pling a t  h o u r ly  i n t e r v a l s  up to  e i g h t  h o u r s ,  w i th  t h i s  system . For 
the  3 m e thy l 2 b u ta n o n e -w a te r  system  e q u i l ib r iu m  c o n d i t io n s  were reach ed  
a f t e r  f o u r  h o u rs  s t i r r i n g  and com plete s e p a r a t io n  took  s i x  h o u r s .  For 
th e  2 b u ta n o l - w a te r  system  s t i r r i n g  and s e t t i n g  tim e were found to  be 
two and f o u r  h o u rs  r e s p e c t i v e l y .
The p ro p an o n e -ca rb o n  d i s u l f i d e  i s  homogeneous a t  am bien t c o n d i t io n s  
and s e p a r a t e s  o u t  i n t o  p h ases  a t  h ig h  p r e s s u r e ;  i t  was found t h a t  th e  
s t i r r i n g  o f  t h i s  system  to  e q u i l i b r a t e  the  p h ases  i s  u n n e c e ss a ry .  The 
com plete s e p a r a t i o n  o f  th e  c o e x i s t i n g  phases  o f  t h i s  system  was found to  
tak e  n o t  l e s s  th an  tw elve  h o u rs .
b) Method o f  W ithdraw ing Samples
When th e  r e q u i r e d  c o n d i t io n s  were e s t a b l i s h e d ,  th e  th ree -w ay  h ig h  
p r e s s u re  v a lv e  (4) in  F ig .  4 .5  was s low ly  opened. About 0 .5  ml o f  l i q u i d  
was removed th ro u g h  each  c a p i l l a r y  to  purge  i t  (See Appendix I I I ) . Then 
v a lv e  (4) was c lo s e d  and washed o u t  w i th  a s o l v e n t .  The v a lv e  (4) was 
ag a in  opened s lo w ly  and a p p ro x im a te ly  0 .5  ml o f  r e p r e s e n t a t i v e  sample was 
allow ed to  d r ip  i n t o  1 ml o f  s o lv e n t  in  a sm a l l  s to p p ed  v i a l .  The v a lv e  
was then  c l o s e d .  The whole c o n te n t  o f  th e  v i a l  (7) was w ithdraw n i n t o  a 
hypodermic s y r in g e  (5) and f lu s h e d  o u t  s e v e r a l  t im es  t o  b r in g  abou t a 
homogeneous m ix tu r e .
The s o l v e n t  used  f o r  aqueous m ix tu re s  was propanone which e n su re d  
hom ogeneity . A lthough  p ropanone-ca rbon  d i s u lp h i d e  i s  homogeneous a t  
am bient c o n d i t i o n s ,  carbon  t e d r a c l o r i d e  was used  as a w ash ing  s o lv e n t  in  
the  sample v a lv e s  to  p r e v e n t  co n tam in a t io n  w i th  p re v io u s  sam p les .
Samples cou ld  be tak en  rough ly  i s o b a r i c a l l y  by i n j e c t i n g  h y d r a u l i c  
f l u i d  i n t o  th e  system  as th e  samples were w ithd raw n . At l e a s t  two s u c c e s s iv e  
samples were w ithdraw n from each l a y e r  and a n a ly se d  by gas chrom atography
IF ig ,  4 ,5  Schem atic  Arrangement o f  the Sampling V alve.
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as d e s c r ib e d  i n  S ec . 3 .4 .  No t r a c e  o f  m ethano l was found which would 
i n d i c a t e  an i n l e a k  o f  h y d r a u l i c  f l u i d .
4 .3  M a te r i a l s
U n less  s p e c i f i c a l l y  s t a t e d  o th e rw is e ,  m a t e r i a l s  used  f o r  phase  
e q u i l ib r iu m  s t u d i e s  were d i s t i l l e d  p ro d u c ts  which showed no im p u r i t i e s  
d e t e c t a b l e  by gas ch rom atograph ic  a n a l y s i s .
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CHAPTER 5 
TREATMENT OF RESULTS
5 .1  The M utual S o l u b i l i t y  o f  the  B ina ry  System 3 Methyl 2 B utanone-W ater
5 .1 .1  A tm ospheric  P r e s s u r e  Measurements
Table 1 .1  summarises th e  r e s u l t s  o b ta in e d  a n a l y t i c a l l y  a t  a tm o sp h e r ic  
and low p r e s s u r e  a t  v a r io u s  t e m p e r a tu r e s . T h i r te e n  t i e - l i n e s  w ere 
de te rm ined  as  d e s c r ib e d  i n  S ec .  4 . 1 . 1 . a a t  a tm o sp h er ic  p r e s s u r e  i n  th e  
te m p era tu re  range  -  8°C and 90°C. A s o l i d  phase  s e p a r a t e s  o u t  j u s t  below 
-  8°C. T i e - l i n e s  i n  th e  te m p e ra tu re  range  110°C to  180°C were o b ta in e d  
under the  vapour p r e s s u r e  o f  th e  system  as d e s c r ib e d  i n  Sec. 4 . 1 . 1 . b .  
L im i ta t io n s  o f  th e  h e a t in g  o i l  u s e d ,  p re c lu d e d  w orking  a t  t e m p e ra tu re s  
above 180°C,
A lthough v a r io u s  o p t i c a l  c e l l s  were c o n s t r u c t e d  as d e s c r ib e d  i n  Sec.
4 .1 .2  w i th  th e  i n t e n t i o n  to  d e te rm in e  the  c r i t i c a l  s o l u t i o n  te m p e r a tu r e s ,  
none o f  them cou ld  w i th s ta n d  th e  vapour p r e s s u r e  o f  the  sy stem  a t  the  
supposed c r i t i c a l  c o m p o s i t io n  o f  th e  sy s tem . Only th e  t h r e e  c r i t i c a l  
s o lu t i o n  te m p e ra tu re s  g iv e n  i n  Table 1.1 , where o b se rv ed .
A l l  o f  th e  a n a l y t i c a l  and o p t i c a l  r e s u l t s  a re  p l o t t e d  on F ig .  5 .1  
to g e th e r  w i th  the  a v a i l a b l e  l i t e r a t u r e  d a t a .
5 .1 .2  High P r e s s u r e  Measurements
The in f lu e n c e  o f  p r e s s u r e  on the  m utua l s o l u b i l i t y  o f  th e  3 m ethy l 
2 b u ta n o n e -w a te r  system  was i n v e s t i g a t e d  up to  a p r e s s u r e  o f  345 MN/m2 a t
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a TIE LINES: NORMAL PRESSURE 
□ TIE LINES: P = 207 MN/m2 
o TIE LINES: P =.345 MN/m2
a CRITICAL SOLUTION TEMPERATURE: NORMAL PRESSURE
F ig .  5 .1  M i s c i b i l i t y  i s o b a r s  f o r  sy s tem  3 m ethy l 2 b u ta n o n e -w a te r
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a t  69 MN/m i n t e r v a l s .  The d e s ig n  o f  the  e x p e r im e n ta l  a p p a ra tu s  u sed  
p re c lu d ed  w ork ing  a t  p r e s s u r e s  above a b o u t 360 MN/m2 . W ith in  th e  
c o n s t r a i n t s  o f  th e  a p p a ra tu s  th e  shape o f  n in e  i s o th e rm a l  m i s c i b i l i t y  
loops were d e te rm in e d  a n a l y t i c a l l y .  The r e s u l t s  o b ta in e d  a r e  g iv e n  i n  
Table 1 .2  i n  term s o f  mass f r a c t i o n  of  3 m ethyl 2 b u ta n o n e .  T-x i s o b a r s  
a r e  p l o t t e d  i n  F ig .  5 .1  t o g e th e r  w i th  a tm o sp h er ic  p r e s s u r e  r e s u l t s .  P -x  
iso th e rm s  and T-P-x  d iagram  a r e  a l s o  graphed in  F ig .  5 .2  and F ig .  5 .3  
r e s p e c t i v e l y .  Some o f  th e  is o th e rm s  o r  i s o b a r s  a r e  o m i t te d  i n  F i g .  5 .1  
to  F ig .  5 .3  f o r  c l a r i t y .
To i n v e s t i g a t e  th e  e x i s t e n c e  o f  any anomalous t i e - l i n e ,  each  i s o ­
therm al ex p e r im e n t  was r e p e a te d  w i th  s e v e r a l  d i f f e r e n t  o v e r a l l  c o m p o s i t io n s .  
A n a ly t i c a l  r e s u l t s  have shown t h a t  m ix tu re s  w i th  d i f f e r e n t  o v e r a l l  
com positions  r e s u l t e d  a t  th e  same te m p era tu re  and p r e s s u r e  i n  th e  same 
co n ju g a te  co m p o s i t io n s  w i t h i n  e x p e r im e n ta l  e r r o r  (See Appendix I I I )  .
5 . 1 .3  The T e rn a ry  System 3 M ethyl 2 Butanone-W ater-Propanone
The l i q u i d - l i q u i d  phase  e q u i l ib r iu m  b e h a v io u r  o f  t h i s  sy s tem  was 
examined a t  0°C and 40°C a t  a tm o sp h e r ic  p r e s s u r e .  T i e - l i n e s  w ere d e te rm in e d  
as d e s c r ib e d  i n  Sec. 4 . 1 .1  a t  0°C and 40°C and a r e  g iv e n  in  T ab le  1 .4 .  
C r i t i c a l  s o l u t i o n  c o n c e n t r a t i o n s  o f  t h i s  system  d e te rm in e d  by th e  l i g h t  
t r a n s m is s io n  method as d e s c r ib e d  in  Sec. 4 .1 .2 .b  a r e  g iv e n  i n  T ab le  1 .5 .
The r e s u l t s  o b ta in e d  by b o th  o f  th e se  methods a t  40°C a r e  g raphed  i n  F ig .
5 .4 .  The c o n s o lu te  enve lope  a t  25 °C f o r  the  homologous system  4 m e thy l 
2 b u ta n o n e -w a te r-p ro p an o n e  r e p o r te d  by Othmer e t  a l .  124) i s  a l s o  shown in  
F ig .  5 .4 .
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5 .2  The M utual S o l u b i l i t y  o f  th e  B in a ry  System 2 B utano l-W ater
5 . 2 .1  A tm ospheric  P r e s s u r e  Measurements
There a r e  s e v e r a l  d i f f e r e n t  p u b l i s h e d  s e t s  o f  o b s e rv a t io n s  made on 
th e  2 b u t a n o l - w a te r  system  a t  a tm o sp h e r ic  p r e s s u r e  as summarised in  Sec.
1 .5  and g raphed  i n  F ig .  1 .2 .  The l i t e r a t u r e  d a ta  r e p o r t e d  on th e  m utual 
s o l u b i l i t i e s  o f  t h i s  system  a t  te m p e ra tu re s  below  10°C show a g r e a t  d e a l  
o f  d is a g re e m e n t ,  a l th o u g h  a l l  o f  th e  r e s u l t s  below  10°C were o b ta in e d  by 
th e  o p t i c a l  m ethod. H owever,the g e n e ra l  shape o f  th e  dem ixing cu rve  in  
F ig .  1 .2  s u g g e s t s  t h a t  t h i s  system  may e x h i b i t  a w a i s t  a t  around 0°C.
In  o r d e r  to  c l a r i f y  the  a c t u a l  b e h a v io u r  o f  the  m utual s o l u b i l i t i e s  
o f  t h i s  system  a t  low te m p e ra tu re s ,  t i e - l i n e s  were a n a l y t i c a l l y  d e te rm ined  
a t  1°C i n t e r v a l s  i n  th e  te m p e ra tu re  ran g e  -  7°C to  5°C. A s o l i d  phase  
s e p a r a t e s  o u t  around -  9°C. To make com parison  w i th  th e  a v a i l a b l e  l i t e r a t u r e  
d a t a ,  th e  d e te rm in a t io n  o f  t i e - l i n e s  was e x te n d e d  up to  99 °C as d e s c r ib e d  
in  S ec. 4 . 1 . 1 .  The r e s u l t s  o b ta in e d  a r e  g iv e n  in  Tab le  1.6 and p l o t t e d  in  
F ig .  5 .5 .
C r i t i c a l  s o l u t i o n  te m p e ra tu re s  o f  e i g h t  s y n t h e t i c  m ix tu re s  were a l s o  
d e te rm ined  by th e  l i g h t  t r a n s m is s io n  m ethod, as d e s c r ib e d  in  Sec. 4 .1 .2  in  
the  re g io n  where t h i s  method i s  more c o n v e n ie n t  and p ro b a b ly  more a c c u r a te  
th a n  th e  a n a l y t i c a l  method. The r e s u l t s  a r e  g iv en  in  Table 1.7 and a r e  a l s o  
shown in  F ig .  5 . 5 .
5 . 2 .2  High P r e s s u r e  Measurements
The p r e s s u r e  dependence o f  th e  m u tu a l  s o l u b i l i t y  o f  the  b in a ry  sy stem  
2 bu tan o  1 -w a te r ,  was tho rough ly  i n v e s t i g a t e d  in  th e  te m p e ra tu re  range  -  7°C 
to  99°C. The a n a l y t i c a l  r e s u l t s  a r e  g iv e n  in  T ab le  1 .8  in  term s o f  mass
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f r a c t i o n  o f  2 b u t a n o l .  The T ,x  i s o b a r s  and P ,x  is o th e rm s  o f  the  T ,P ,x  
space  a r e  g raphed  in  F ig .  5 . 5 ,  F ig .  5 .6  and F ig .  5 .7 .  To em phasise  
th e  p r e s s u r e  dependence o f  th e  m utual s o l u b i l i t i e s  e s p e c i a l l y  a t  low 
te m p e ra tu re ,  p a r t  o f  th e  P ,T ,x  space  i s  p l o t t e d  in  F ig .  5 .8 .
E x p e r im e n ta t io n  has  shown t h a t  com plete  m i s c i b i l i t y  o ccu rs  a t  0°C 
and 5°C a t  1 3 .8  MN/m2 , though t i e - l i n e s  w ere o b ta in e d  a t  th e  same p r e s s u r e  
a t  -  5°C and 10°C. I t  i s  a l s o  found by e x p e r im e n t in g  w i th  s e v e r a l  m ix tu re s  
o f  d i f f e r e n t  o v e r a l l  com position  t h a t  com ple te  m i s c i b i l i t y  o cc u rs  a t  83 MN/m2. 
a t  any te m p e ra tu r e .
5 .3  The Phase  B ehav iour o f  th e  P ro p a n o n e -C a rb o n d isu l f id e  System a t  High 
P r e s s u r e
A lthough  th e  p ro p a n o n e -c a rb o n d is u l f id e  system  i s  co m p le te ly  m i s c ib le  
a t  am bient c o n d i t i o n s ,  i t  shows i m m i s c i b i l i t y  a t  low te m p e ra tu re s  w i th  a 
U .C .S .T . a t  a b o u t  -  45°C and a tm o sp h e r ic  p r e s s u r e .  W innick and Powers (22) 
found e x p e r im e n ta l ly  t h a t  t h i s  system  shows an im m i s c i b i l i t y  a t  -  2°C a t  
p r e s s u r e s  above 420 MN/m2 . The i n d i c a t i o n  o f  t h i s  ex p e r im en t  i s  t h a t  
i n c r e a s in g  p r e s s u r e  r a i s e s  th e  U .C .S .T .
The l i m i t  o f  e x p e r im e n ta l  h ig h  p r e s s u r e  a p p a ra tu s  used  h e r e  p re c lu d e d  
w orking  a t  p r e s s u r e s  above 362 MN/m2 . I n  o rd e r  to  i n v e s t i g a t e  th e  phase  
b eh a v io u r  o f  t h i s  system  a n a l y t i c a l l y  w i th i n  th e  l i m i t a t i o n  o f  th e  a p p a ra tu s  
a te m p e ra tu re  low er than  t h a t  used by W innick and Powers was chosen . The 
h i g h e s t  te m p e ra tu re  a t  which the  o c c u r re n c e  o f  phase  s e p a r a t i o n  was o b se rv ed  
was -  12°C. Because th e  system  i s  homogeneous a t  am bien t c o n d i t io n s  and 
s e p a r a t e s  o u t  i n t o  la y e r s  a t  e l e v a te d  p r e s s u r e ,  i t  i s  u n n e c e ss a ry  to  s t i r  
th e  m ix tu re  f o r  th e  a t ta in m e n t  o f  th e  e q u i l i b r i u m  c o n d i t i o n s ,  u n le s s  th e  
dem ixing curve  i s  s h a rp ly  skewed ( i . e .  th e  s ig n  o f  th e  s lo p e s  o f  th e
MA
SS
 
FR
AC
TI
ON
 
2 
BU
TA
NO
L
0 . 4  -
0 . 6
0 .5
0 .4
0 .3
0 . 2
20 40 60 80
PRESSURE (MN/m2) -*
Iso th e rm s  a  30°C 
■ 40 °C 
# O 60QC 
'  •  80°C 
□ 90°C 
a  99°c
F ig . 5 .6  M i s c i b i l i t y  Isotherms fo r  the System 2 Butanol-W ater.
MA
SS
 
FR
AC
TI
ON
 
2 
BU
TA
NO
L
0 .5_
0 .4
0 . 2-
0 . 6—
0 .3  -
0 . 2
PRESSURE (MN/m2) ->
ISOTHERMS O -7°C A 5 °C
■ -  5°C □ J0°C
A ~ ^ ° c  •  20° C
F ig .  5 .7 M i s c i b i l i t y  Iso th e rm s  f o r  th e  System 2 B u ta n o l -U a te r .
20
15 -
JO'
HI
DC
Ph-
<
DC
LU
CL
LU
I-
I
- - S '  5<8 ? > T» x space o f  the system  2 b u ta n o l-w a ter .
-  115 -
demixing cu rve  a t  b o th  ends o f  a t i e - l i n e  a r e  the  same) and s e p a r a t i o n  
of  phases  i s  v i r t u a l l y  in s ta n ta n e o u s  w i th  i n c r e a s e  o f  p r e s s u r e .
The t r e n d  o f  th e  demixing curve was found w i th in  a sm a l l  p r e s s u r e  
range by d e te rm in in g  two t i e - l i n e s  a t  -  14°C. The same t i e - l i n e s  were 
re d e te rm in e d  w i th o u t  s t i r r i n g  and the same c o n ju g a te  co m p o si t io n s  were 
found. I t  was then  concluded  t h a t  the  s t i r r i n g  f o r  th e  a t t a in m e n t  o f  
e q u i l ib r iu m  was u n n e c e ss a ry .
To e x p lo re  th e  p o s s i b i l i t y  o f  th e  e x i s t e n c e  o f  m u l t i p l e  low er 
c r i t i c a l  s o l u t i o n  p r e s s u r e s ,  th e  c e l l  was loaded  w i th  m ix tu re s  o f  d i f f e r e n t  
o v e r a l l  c o m p o s i t io n s .  Then r e p r e s e n t a t i v e  samples o f  each  l a y e r  were w i th ­
drawn a t  th e  c o n d i t io n s  o f  i n t e r e s t .  A n a l y t i c a l  r e s u l t s  have shown t h a t  
the  t i e - l i n e s  a re  in d e p en d en t  o f  o v e r a l l  c o m p o s i t io n s ,  under  th e  same 
c o n d i t io n s  o f  te m p e ra tu re  and p r e s s u r e  so t h a t  th e  same t i e - l i n e s  w ere 
o b ta in e d .
The r e s u l t s  o b ta in e d  a re  t a b u la te d  in  Table 1 . l 0  and g raphed  in  
F ig u re  5 .9  to  5 .1 1 .
5 .4  The M utual S o l u b i l i t y  o f  the  T h i o d i p r o p i o - n i t r i l e - T o l u e n e  System
The m u tua l  s o l u b i l i t y  o f  th e  t h i o d i p r o p i o - n i t r i l e - t o l u e n e  was d e t e r ­
mined a t  a tm o sp h e r ic  p r e s s u r e  by the  l i g h t  t r a n s m is s io n  method as d e s c r ib e d  
in  Sec. 4 . 1 . 2 .  The r e s u l t s  a re  g iven  in  Table  1.11 and g raphed  i n  F ig .  5 .12  
to g e th e r  w i th  th e  o n ly  l i t e r a t u r e  d a ta  p ro v id e d  by S k in n e r  ( 2 0 ) .
M a t e r i a l s . T o luene : B.D.H. 'A n a la r '  to lu e n e  was used  as i t  was r e c e iv e d .
T h i o d i p r o p i o - n i t r i l e : L iq u id  t h i o d i p r o p i o - n i t r i l e  was c r y s t a l l i s e d .  The
c r y s t a l s  w ere washed w i th  d i s t i l l e d  w a te r  and m e l te d .  The l i q u i d  was d r i e d
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F ig .  5 .12  Mutual S o l u b i l i t y  o f  th e  System T h i o d i p r i p i o n i t r i l e  
Toluene a t  A tm ospheric  P r e s s u r e .
-  1 2 0  -
by p u rg in g  w i th  n i t r o g e n  a t  100°C. F u r th e r  d ry in g  was c a r r i e d  o u t  w ith  
anhydrous  sodium s u l f a t e .  T h is  p ro c e d u re  was r e p e a te d  th r e e  t im e s .
The t h i o d i p r o p i o - n i t r i l e  i s  too  i n v o l a t i l e  to  be a n a ly se d  by gas 
chrom atography. E lem en ta l a n a l y s i s  was c a r r i e d  o u t by m ic r o - a n a ly s i s  
and th e  r e s u l t s  a re  g iven  i n  T ab le  1 .1 2  t o g e t h e r  w ith  S k in n e r 's  r e s u l t s .
5 .5 .  C o r r e l a t i o n  and P r e d i c t i o n  o f  th e  C on juga te  Compositions
I t  i s  always d e s i r a b l e  to  e x p re s s  th e  e x p e r im e n ta l  r e s u l t s  o f  
e q u i l ib r iu m  s t u d i e s  i n  a n a l y t i c a l  form . The obvious b e n e f i t  o f  such 
d a ta  r e d u c t io n  i s  comuni c a t i o n  o f  th e  r e s u l t s  i n  a compact form which 
p e r m i t s :
a) i n t e r p o l a t i o n  between d i s c r e t e  p o i n t s ,
b) e x t r a p o l a t i o n  of f rag m e n ta ry  d a t a  to  c o n d i t io n s  in  which no d a t a  
e x i s t ,
c) E x t r a p o la t io n  o r  p r e d i c t i o n  of*’th e  b e h a v io u r  o f  systems on w hich no 
e x p e r im e n ta l  d a ta  i s  a v a i l a b l e  un d er  any c o n d i t io n .
EFour o f  th e se  e q u a t io n s  f o r  G d i s c u s s e d  in  Sec. 2 .3  a r e  chosen  
to  r e p r e s e n t  th e  system s 3 m e th y l 2 b u ta n o n e -w a te r ,  and 2 b u ta n o l - w a te r  
s tu d ie d  as  a f u n c t io n  o f  te m p e ra tu re  and p r e s s u r e .  The p a ra m e te rs  o f  
th e se  e q u a t io n s  ( e . g .  Van L a a r ,  Orye, U n iq u a c ,H e il)  a re  computed from 
l i q u i d - l i q u i d  e q u i l ib r iu m  d a t a  as d e s c r ib e d  in  Sec. 2 .4 .  The r e s u l t s  a r e  
t a b u la te d  in  Appendix 2.
The p a ram e te rs  o f  each e q u a t io n  chosen  a r e  found to  be  a f u n c t i o n  . 
o f  te m p era tu re  and p r e s s u r e .  T em pera tu re  and p r e s s u r e  dependence o f  each  
s e t  o f  p a ra m e te rs  f o r  3 m e thy l 2 b u ta n o n e -w a te r  system  a re  g raphed  i n
-  1 2 1  -
F ig s .  5 . 1 2 - 1 9 .  Tem perature dependence o f  p a ra m e te rs  f o r  2 b u ta n o l - w a te r  
system  a r e  a l s o  p l o t t e d  in  F ig s .  5 . 1 9 , - 2 3 .
To each  o f  th e s e  cu rves  a second  o rd e r  p o lynom ia l was f i t t e d .  I n  
each o f  th e  above f i g u r e s  th e  s o l i d  l i n e  r e p r e s e n t s  th e  b e s t  f i t .  The 
po ly n o m ia l  i n  each case  was o f  th e  form
A = a^ + a^Y + a^Y2 . 5.5.1
With th e  knowledge o f  th e  v a r i a t i o n  o f  each c o n s ta n t  w i th  te m p e ra tu re
and p r e s s u r e ,  i t  i s  p o s s i b l e  to  i n t e r p o l a t e  i s o th e rm a l  and i s o b a r i c  t i e -
l i n e s  f o r  th e  system s 3 m e th y l 2 b u ta n o n e -w a te r  and 2 b u ta n o l - w a te r .  There
a re  v a r io u s  methods f o r  p r e d i c t i o n  o f  c o n ju g a te  com positions  th rough  an 
Ee x p re s s io n  f o r  G (9 8 ) ,  when th e  v a lu es  o f  p a ra m e te rs  a r e  known a t  the  
c o n d i t io n s  o f  i n t e r e s t .  A l l  o f  th e s e  methods a re  b ased  on e i t h e r  f in d i n g  
th e  common ta n g e n t  to  th e  t o t a l  Gibbs energy  o f  m ix tu re  o r  s o lv in g  the  
s im u ltan e o u s  E q s . 2 .4 .1 3 - 1 4 .  Demixing cu rves  f o r  th e  3 m e thy l 2 b u ta n o n e -  
w a te r  and 2 b u ta n o l - w a te r  system s o b ta in e d  th rough  th e  Orye .equa tion  a r e  
shown in  F ig .  5.24 and F i g . 5.25 r e s p e c t i v e l y .
)
The r e d u c t io n  o f  e x p e r im e n ta l  l i q u i d - l i q u i d  e q u i l ib r iu m  d a t a  to  a 
s e t  o f  m a th em a tic a l  e q u a t io n s  p r e s e n t s  a un ique  s e t  o f  p ro b lem s . I t  i s  
n o t  p o s s i b l e  to  t e s t  the- d a ta  f o r  thermodynamic c o n s i s te n c y  f o r  two main 
re a so n s  as fo l lo w s :
a) th e  d a t a  g iv e  th e  r a t i o  o f  a c t i v i t y  c o e f f i c i e n t s ,  i n s t e a d  o f  y i e l d i n g  
t h e i r  i n d i v i d u a l  v a l u e s ,
b) th e  d a ta  do n o t  ex ten d  o v e r  a co n t in u o u s  com posi tion  r a n g e ;  s in c e  
c o n s i s te n c y  t e s t s  (1 4 ,1 5 ,1 2 5 )  r e q u i r e  e i t h e r  i n t e g r a t i o n  o r  
d i f f e r e n t i a t i o n ,  th ey  cannot be a p p l ie d  to  such d a t a .
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.CHAPTER 6 
DISCUSSION OF RESULTS
6 .1  E q u i l ib r iu m  Data o f  th e  System 3 Methyl 2 Butanone-W ater
6 . 1 .1  A tm ospheric  P r e s s u r e  M easurement R e s u l t s
As i t  i s  seen  from F ig .  5 . 1 ,  th e  dem ixing curve a t  n a t u r a l  p r e s s u r e  
tends  to  form a c lo se d  i m m i s c i b i l i t y  lo o p .  However f r e e z i n g  masks th e  
low er c r i t i c a l  s o l u t i o n  t e m p e r a tu r e . E x t r a p o la t io n  o f  S t e i n e r  and 
Schadow's (21) r e s u l t s  s u g g e s ts  t h a t  com ple te  m i s c i b i l i t y  occu rs  a t  
te m p e ra tu re s  around -  10 °C and t h e i r  dem ixing curves show two minima and 
a maximum in  b e tw een . E x p e r im e n ta t io n  has  shown t h a t  the  t i e - l i n e s  a r e  
in d e p e n d e n t  of o v e r a l l  co m p o s i t io n  and com plete  m i s c i b i l i t y  does n o t  
occu r  above th e  f r e e z in g  te m p e ra tu re  o f  th e  m ix tu re .
A l i t e r a t u r e  su rvey  has  r e v e a le d  t h a t  th e r e  i s  no s e t  o f  d a ta  which 
spans a w ide te m p era tu re  range  com parab le  w i th  the  p r e s e n t  r e s u l t s . Only 
th r e e  t i e - l i n e s  by G innings e t  a l .  (71) a t  20°C, 25°C, 30°C and th r e e  
s a t u r a t i o n  c o n c e n t r a t io n s  o f  k e to n e  i n  w a te r  p ro v id e d  by Gross e t  a l . (72) 
a r e  a v a i l a b l e .  As can be s een  from Table  1 .1  and F ig .  5 .1  th e r e  i s  good 
agreem ent between the  l i t e r a t u r e  and th e  p r e s e n t  r e s u l t s .  Good ag reem en t 
was a l s o  found between c r i t i c a l  s o l u t i o n  te m p e ra tu re s  de te rm in ed  by the  
l i g h t  t r a n s m is s io n  method and th e  r e s u l t s  o b ta in e d  by th e  a n a l y t i c a l  
method.
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6 . 1 . 2  High Pressure R esu lts
At e l e v a te d  p r e s s u r e  th e  c o n ju g a te  com positions  measured h e re  
show t h a t  a t  a l l  te m p e ra tu re s  betw een -  8°C and 90°C in c r e a s e  o f  p r e s s u r e  
caused  in c r e a s e  i n  m utual s o l u b i l i t y ,  b u t  t h i s  in c r e a s e  was c o n s id e ra b ly  
l e s s  than  t h a t  found by S t e i n e r  and Schadow. A lthough the  p r e s s u r e  was 
r a i s e d  to  l e v e l s  th r e e  tim es h ig h e r  th a n  th o se  used h i t h e r t o  f o r  t h i s  
system , th e re  was no s ig n  o f  com plete  m i s c i b i l i t y  o c c u r r in g  below  
345 MN/m nor were any a p p a r e n t ly  anomalous samples tak en  w hich m igh t 
co rrespond  to  a segment o f  m i s c i b i l i t y  loop ly in g  betw een two u p p e r  c r i t i c a l  
s o l u t i o n  p r e s s u r e s .
I t  can be s een  from th e  T, x s e c t i o n  (F ig .  5 .1 )  t h a t  th e  p r e s e n t  
system  has a U .C .S .T . a t  low p r e s s u r e ,  b u t  i t s  L .C .S .T .  seems to  be  masked 
by f r e e z i n g .  With i n c r e a s in g  p r e s s u r e  th e  U .C .S .T . f a l l s ,  th e  L .C .S .T .  
becomes a p p a re n t ,  and th e n  r i s e s ,  i n d i c a t i n g  t h a t  f u r t h e r  i n c r e a s e  o f  
p r e s s u r e  w i l l  merge th e  U .C .S .T . and L .C .S .T .  a t  a hy p er  c r i t i c a l  p o i n t  to  
form a dome o f  i m m i s c i b i l i t y .
There i s  no f i rm  ev idence  i n  th e  l i t e r a t u r e  t h a t  the  o p t i c a l  and 
a n a l y t i c a l  r e s u l t s  d i f f e r  g r e a t l y ,  b e ca u se  th e  measurements i n  th e  
neighbourhood o f  the  c r i t i c a l  p o i n t  a r e  co m p lica ted  by th e  o c c u r re n c e  o f  
some p i t f a l l s ,  such as o p a le sc en ce  phenomena and c o l o r a t i o n s  (1 2 6 ) .  T h e re fo re ,  
the  d isag ree m en t betw een the  r e s u l t s  o b ta in e d  h e re  and S t e i n e r  and Schadow1s 
r e s u l t s  shou ld  n o t  o r i g i n a t e  from th e  d i f f e r e n t  method u sed .
I t  i s  w orth  em phasis ing  the  d e s ig n  o f  t h e i r  a p p a ra tu s  i n  w hich the
p r e s s u r e  was t r a n s m i t t e d  from h y d r a u l i c  f l u i d  to  th e  t e s t  m ix tu re  co n f in e d
'w i th in  a c e l l  o f  0 .7  ml volume v i a  a p i s t o n .  The most l i k e l y  so u rc e  o f  
e r r o r  i s  the  sm a ll  u n d e te c te d  le a k  o f  h y d r a u l i c  f l u i d  i n t o  th e  t e s t  m ix tu re  
d u ring  t h e i r  o b s e r v a t io n .  Of c o u rse  any le ak ag e  i n t o  th e  t e s t  m ix tu re  would
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change th e  e n t i r e  phase d ia g ra m , s in c e  the  co n so lu te  p o i n t  i s  v e ry  
s e n s i t i v e  to  th e  p re s e n c e  o f  any im p u r i ty .  This s e n s i t i v i t y  i s  even 
used as an a n a l y t i c a l  method to  check th e  p u r i t y  o f  some su b s ta n c e s  • ( 2 6 ) .
The o th e r  l i k e l y  so u rces  o f  e r r o r  i n  t h e i r  measurements a r e  th e  i n e f f e c t i v e  
s t i r r i n g  i n  the  c e l l  and d i f f i c u l t i e s  o f  e n su r in g  a c c u ra te  measurement o f  th e  
o v e r a l l  com p o si t io n  o f  th e  sam ples p la c e d  in  the  t e s t  c e l l .
I t  appea rs  t h a t  th e  phase  b e h a v io u r  o f  t h i s  system  i s  s i m i l a r  to  t h a t  
o f  i t s  homologue 2 b u ta n o n e -w a te r  s t u d i e d  by Hunt and Lamb (1 2 7 ) ,  i n  which 
the  c lo se d  s o l u b i l i t y  loops c o n t r a c t  w i th  in c r e a s in g  p r e s s u r e  and d i s a p p e a r  
co m ple te ly  a t  a l i m i t i n g  p o i n t ,  th e  s o - c a l l e d  h y p e r - c r i t i c a l  s o l u t i o n  p o i n t .
The p o s i t i o n  o f  th e  h y p e r - c r i t i c a l  s o l u t i o n  te m p era tu re  co u ld  n o t  be  
e x a c t ly  de te rm in ed  p a r t l y  due to  th e  c o n s t r a i n t s  o f  the  a p p a ra tu s  u s e d ,  
p a r t l y  due to  th e  n a tu re  o f  th e  e x p e r im e n ta l  method used .  T i e - l i n e s  in  
P(x) iso th e rm s  and in  T(x) i s o b a r s  a r e  e x t r a p o la t e d  v i a  O ryef s e q u a t io n  
(Eq. 2 . 3 .4 5 ) .  Then c o n s o lu te  te m p e ra tu re  and p r e s s u r e  a r e  e s t im a te d  by 
assuming t h a t  T, x i s o b a r s  i n  F ig .  5 .1  and P , x iso th e rm s  in  F ig .  5 .2  fo l lo w  
s a t i s f a c t o r i l y  th e  r e c t i l i n e a r  d ia m e te r  law o f  C a i l l e t e t  and M ath ias  (128) 
r e p r e s e n te d  by th e  fo l lo w in g  e q u a t io n
| ( x ’ + x p  = a Q + a^Y 6 .1
The p r e s s u r e  dependence o f  th e  c o n s o lu te  te m p era tu re  i s  g iven  i n  T ab le  1 .3  
and a c r i t i c a l  l i n e  c o n n e c t in g  th e  c o n s o lu te  tem p era tu re  and p r e s s u r e  i s  
graphed in  F ig .  6 .1 .
No a t te m p t  was made to  e v a l u a t e  th e  p r e s s u r e  dependence o f  c o n s o lu te  
co m p o s i t io n ,  from which on ly  v e ry  l i t t l e  in fo rm a t io n  can be deduced , s in c e  th e  
e x p re s s io n  i n  q u e s t io n  i s  one o f  th e  most cumbersome e q u a t io n s  o f  thermo­
dynamics (6 0 ,8 0 ,1 2 9 ) :
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Figure 6 .1  C onsolute l i n e  o f  the system  3 methyl 2 b u tanone-w ater .
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From th e  o b se rv ed  p r e s s u r e  dependence o f  c o n so lu te  te m p e ra tu re s  
(and com positions) some knowledge o f  th e  thermodynamic fu n c t io n s  o f  t h i s  
system  may be deduced as  f o l lo w s :  the  p r e s s u r e  dependence o f  a c o n s o lu te  
te m p era tu re  has been g iv e n  as  (6 0 ,8 0 ,1 2 9 )
dT
dP
32 V
c _. 3x2 - .— = lim  -----  = lim
32V
3x2 6 .3
T->T 92S T+T 32Hc -----  c -----
x->x 3x2 x-*-x 3x2c c
comparison o f  t h i s  e q u a t io n  w i th  E q . 2 .1 .3 0  and 2 .1 .3 1  shows t h a t  f o r  an
dT
U .C .S .T . th e  s ig n  o f dP i s  o p p o s i te  to  t h a t  of '3x2'
, w h i le  f o r  a L .C .S .T ,
dT(
dP
T,P
and r32V>
3x2-
6 .1 )
dT<
dP
T,P 
x 00 and
have  th e  same s i g n .  At th e  h y p e r - c r i t i c a l  t e m p e ra tu re  ( F ig .  
32S^
3 x 2 j
= 0 .  That i s  m ixing  le ad s  to  a d e c re a s e  o f  volume
T,P
up to  th e  h y p e r - c r i t i c a l  te m p e ra tu re  and th e n  causes  to  i n c r e a s e  o f  volum e. 
S ince t h i s  system  e x h i b i t s  a m i s c i b i l i t y  lo o p ,  acc o rd in g  to  Eq. 2 . 1 .3 0  and 
2 .1 .3 1  the  H(x) curve m ust change s ig n  betw een th e  U .C .S .T . and th e  L .C .S .T .  
With th e  assum ption  t h a t  th e  ex c e ss  f u n c t io n s  a re  f r e e  from i n f l e c t i o n  p o i n t s ,  
a t  c o n s ta n t  te m p e ra tu re  and p r e s s u r e  E q . 6 .3  may be  a p p ro x im a te ly  w r i t t e n  as
(8) E
dT T V  £ *  e c 6 .4
H
I t  i s  seen  from t h i s  t h a t  > 0 a t  th e  U .C .S .T . and < 0 a t  th e  L .C .S .T .
c c
and H^p = 0 a t  the  h y p e r - c r i t i c a l  p o i n t .  W ith in  the  v a l i d i t y  o f  th e  above
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assum ption  th e  ex ce ss  volume o f  t h i s  system  a l s o  changes s ig n  from 
n e g a t iv e  to  p o s i t i v e  w i th  i n c r e a s i n g  p r e s s u r e .  The ex ce ss  volume a t  
a tm ospheric  p r e s s u r e  i s  deduced acc o rd in g  to  Eq. 1.3,6 from th e  d e n s i t y
n e g a t iv e  to  p o s i t i v e  h as  r e c e n t l y  been v e r i f i e d  f o r  th e  homologous system  
2 b u ta n o n e -w a te r  by Lamb and Hunt (6 8 ) .  I t  i s  v e ry  l i k e l y  t h a t  t h i s  system
g iv e  r i s e  to  an in c r e a s e  in  m utual s o l u b i l i t y .
6 . 1 .3  The T ern a ry  System 3 m e thy l 2 B utanone-W ater-Propanone
A lthough e x t r a p o l a t i o n  o f  S t e i n e r  and Schadow1s r e s u l t s  f o r  s o l u t i o n s  
c o n ta in in g  40% by w e ig h t  o f  k e to n e  s u g g e s ts  t h a t  a homogeneous sy stem  m igh t 
be ach ieved  a t  around  am bien t p r e s s u r e  and te m p e ra tu re ,  two p h ases  p e r s i s t e d  
when a 40% m ix tu re  was s t i r r e d  a t  norm al p r e s s u r e  and co o led  to  i t s  f r e e z i n g  
p o i n t  around -  8°C.
I t  was w i th  th e  hope t h a t  a l l  o f  th e  t h r e e  c o n s o lu te  s o l u t i o n  
te m p era tu re s  i n f e r r e d  from th e  h ig h  p r e s s u r e  r e s u l t s  o f  S t e i n e r  and Schadow 
were masked by th e  system  f r e e z i n g  t h a t  th e  th r e e  component sy s tem  3 m ethy l 
2 b u ta n o n e -w a te r  propanone was examined. I t  was hoped t h a t  th e  p r e s e n c e  o f  
, th e  t h i r d  component as  s o lv e n t  would b r in g  a b o u t b e h a v io u r  ana logous  to  t h a t  
r e s u l t i n g  from in c r e a s e  o f  p r e s s u r e .
As i s  seen  from F ig .  5 . 4 ,  no anomalous b e h a v io u r  was o b se rv ed  and th e  
g e n e ra l  shape o f  th e  cu rve  conforms w i th  t h a t  o f  i t s  homologue 4 m e thy l 2 
pen tan o n e -w a te r-p ro p an o n e  r e p o r te d  by Othmer e t  a l .  (1 2 4 ) .
measurements o f  G inn ings e t  a l .  (7 1 ) . from
behaves s i m i l a r l y .
The ob se rv ed  in c r e a s e  i n  m utual s o l u b i l i t y  w i th  i n c r e a s e  i n  p r e s s u r e  
E . ' . .su g g es ts  t h a t  G i s  p o s i t i v e  a t  low p r e s s u r e ,  b u t  becomes l e s s  and l e s s  
p o s i t i v e  as  p r e s s u r e  i n c r e a s e s .  I t  i s  l i k e l y  t h a t  r e d u c t io n  i n  G  ^ would
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6 .2  L iq u id -L iq u id  E q u i l i b r i a  o f  th e  2 B utano l-W ater  System
6 .2 .1  A tm ospheric  P r e s s u r e  R e s u l t s
I t  i s  s een  from F ig .  5 .5  a t  te m p e ra tu re s  above 5°C th e  i m m i s c i b i l i t y  
reg io n  f i r s t  w idens w i th  i n c r e a s i n g  te m p e ra tu re ,  then  a t  te m p e ra tu re s  h ig h e r  
than  60°C, i t  na rrow s  to  d i s a p p e a r  com ple te ly  a t  an U .C .S .T . The so  c a l l e d  
" r e c t i l i n e a r  d ia m e te r "  was p l o t t e d .  The U . t .S .T .  was found to  be  112°C and 
the  lower c o n s o lu te  c o m p o s i t io n  36 w e ig h t  p e r  c e n t  2 b u ta n o l .  Below 5°C th e  
unusual b e h a v io u r  o c c u r s ;  th e  dem ixing curve forms a w a i s t .  Thus th e  
im m is c i b i l i t y  r e g io n  becomes g r e a t e r  a g a in  w i th  f u r t h e r  d e c r e a s in g  
te m p e ra tu re .  R e s u l t s  o f  t h i s  work a re  compared i n  F ig .  6 .2  w i th  th e  
a v a i l a b l e  l i t e r a t u r e  d a t a  ja  low te m p e ra tu re  ran g e .
The o c c u r re n c e  o f  a w a i s t  was a l s o  q u a l i t a t i v e l y  con f irm ed . A m ix tu re  
w i th  a co m p o si t io n  o f  40% mass 2 b u ta n o l  was e q u i l i b r a t e d  a t  0°C and a l low ed  
to  reach  com plete  s e p a r a t i o n  o f  th e  c o e x i s t i n g  p h a s e s .  Rapid h e a t i n g  o r  
c o o l in g  o f  t h i s  m ix tu re  cau ses  c lo u d in e s s  in  each l a y e r ,  i n  e i t h e r  c a s e .
6 .2 .2  High P r e s s u r e  R e s u l t s
As i s  s e e n  from F ig s .  5 . 5 - 5 . 7  a t  a l l  te m p e ra tu re s ,  th e  m u tua l  
s o l u b i l i t y  o f  t h i s  system  in c r e a s e s  w i th  e l e v a t i n g  p r e s s u r e .  C o n seq u en tly  
the  w a is t  o f  th e  dem ixing curve  e x h i b i t e d a t  a tm o sp h er ic  p r e s s u r e ,  s h r in k s  
w i th  i n c r e a s in g  p r e s s u r e .  Then i t  d i s a p p e a r s  com ple te ly  g iv in g  r i s e  to  
two s e p a r a t e  loops  th e  upper  one b e in g  a c lo se d  lo o p ,  showing an U .C .S .T . 
and L .C .S .T . and th e  low er one showing an U .C .S .T . (F ig .  5 . 5 ) .  This  
i n d i c a t e s  t h a t  th e  e x i s t e n c e  o f  a h y p e r - c r i t i c a l  s o l u t i o n  p o i n t  o f  th e  
type  H .C .T .2 shown in  F ig .  I . l  . g ,  a t  an i s o b a r  betw een 10 .3  MN/m2 and 
1 3 .8  MN/m2 in  th e  T ,x  d iag ram . The U .C .S .T . shown a t  low te m p e ra tu re  goes 
beyond th e  v i s i b l e  r e g io n  w i th  f u r t h e r  i n c r e a s e  o f  p r e s s u r e ,  so  t h a t  th e
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system  has o n ly  an u pper  and lower c r i t i c a l  s o l u t i o n  te m p e ra tu re  on a 
c lo se d  i m m i s c i b i l i t y  loop a t  p r e s s u r e s  h ig h e r  than  17 .2  MN/m2 . W ith 
i n c r e a s in g  p r e s s u r e  th e  U .C .S .T . f a l l s  and th e  L .C .S .T . r i s e s  so  t h a t  
the  c lo s e d  s o l u b i l i t y  loops  become s m a l le r  and s m a l le r  and th e n  d i s a p p e a r s  
co m p le te ly  a t  a n o th e r  h y p e r - c r i t i c a l  s o l u t i o n  p o i n t  o f  type  H .C . P . l  i n  
F ig .  1 . 2 .d .
The p o s i t i o n  o f  th e  h y p e r  c r i t i c a l  p o in t s  could  n o t  be  e x a c t l y  
de te rm ined  due to  th e  n a t u r e  o f  the  e x p e r im e n ta l  method u se d .  I t  i s  
e s t im a te d  from th e  c r i t i c a l  l i n e  co n n e c t in g  th e  c o n s o lu te  p o i n t s .  T h is  
l i n e  was o b ta in e d  u s in g  th e  same assum ptions  as th e  s i m i l a r  l i n e  f o r  
3 m ethyl 2 b u ta n o n e -w a te r  d e s c r ib e d  in  Sec. 6 . 1 .2 .
S e ts  o f  c o n s o lu te  v a lu e s  thus  o b ta in e d  a r e  t a b u l a t e d  i n  T ab le  1 .9 .
The c r i t i c a l  l i n e  c o n n e c t in g  th e  c o n s o lu te  p o in t s  i s  shown as th e  P ,T  
p r o j e c t i o n  i n  F ig .  6 .3  to g e th e r  w i th  the  v a lu e s  o f  M oriyoshy e t  a l .  (5 1 ) .
In  F ig .  6 .3  th e  r e s u l t s  o f  Timmermans (73) measurements a r e  a l s o  shown, 
though th e  v a lu e s  o f  c o n s o lu te  com positions  a r e  u n c e r t a i n .  The T,P cu rve  
de te rm ined  by S ch n e id e r  and Russo (23) f o r  a m ix tu re  o f  36 .5  mass p e r  c e n t  
2 b u ta n o l  was compared w i th  th e  co r re sp o n d in g  v a lu e s  deduced from o u r  r e s u l t s  
and found to  be i n  good ag reem en t.
The g i s t  o f  t h i s  o b s e r v a t io n  i s  t h a t  t h i s  system  e x h i b i t s  two 
d i f f e r e n t  ty p e s  o f  h y p e r - c r i t i c a l  s o l u t i o n  te m p e ra tu re .  C onseq u en tly  th e  
Tc (P) s e c t i o n  o f  th e  T ,P ,x  space i s  n o t  sym m etr ica l ab o u t th e  r e c t i l i n e a r  
d ia m e te r  p a s s in g  th rough  th e  p o i n t  H .C .T . l  i n  F ig .  6 .3  as w id e ly  a c c e p te d .
As i s  seen  from F ig .  6 . 3 ,  T,P curve has  an o th e r  extremum i n  te m p e r a tu r e ,  
H .C.T.2 i n  a d d i t i o n  to  a maximum, H .C .T . l .  The e x h i b i t i o n  on t h e  i m m i s c i b i l i t y  
s u r f a c e ,  a maximum and a minimum (o r  a s a d d le  p o in t )  i n  th e  T ,P ,x  space  i s
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an h i t h e r t o  unknown phenomenon, f o r  t h i s  system .
A s i m i l a r  p a t t e r n  to  t h a t  of th e  T,P s e c t i o n  w i th  c o n s ta n t  
com position  in  F ig .  6 .3  has  been  found in  the  e f f e c t  o f  i o n i c  s u r f a c t a n t s  
( a d d i t i v e s )  i n s t e a d  o f  p r e s s u r e  on th e  m i s c i b i l i t y  o f  some a lc o h o ls  
(23 , ) .
I t  has been  known f o r  a long  tim e t h a t  q u i t e  a number o f  system s 
show i m m i s c i b i l i t y  phenomena i n  which L .C .S .T .* s  a r e  h ig h e r  th a n  U .C .S .T . f s .  
From th e  thermodynamic s t a n d p o i n t ,  t h e r e  i s  no r e s t r i c t i o n  t h a t  th e s e  
i m m i s c i b i l i t y  cu rves  sh o u ld  n o t  be c lo s e d .  The e x i s t e n c e  o f  two c o n s o lu te  
p o in t s  o f  th e  same k in d  i n  two s e p a r a t e  i m m i s c i b i l i t y  loops h a s  been  
p r e d i c t e d  q u a l i t a t i v e l y  by th e  I s i n g  l i q u i d  th e o ry  deve loped  by Lacombe 
and Sanchez (1 3 0 ) .  ^  L
From th e  phase  d iagram  some knowledge abou t th e  therm odynamic f u n c t io n
o f  t h i s  system  may be deduced a s  f o l lo w s :  com parison o f  Eq. 6 .3  w i th  2 .1 .3 0
dTcand 2 .1 .3 1  shows t h a t  f o r  an  U .C .S .T . th e  s ig n  o f  -==— i s  o p p o s i t e  to  t h a t  o f
r r > \  dTS2V|
9x 2J
, w h i le  f o r  a  L .C .S .T .  andc , fa 2vl
ax2j
have th e  same s i g n .  So i t  may
c c
be conc luded  from F ig .  6 .3 ,  th e  second d e r i v a t i v e  o f  th e  m o la r  volume w ith
ra2vlr e s p e c t  to  co m p o s i t io n
3x
i s  p o s i t i v e  a lo n g  th e  c r i t i c a l  l i n e .  The
c
same c o n c lu s io n  may a l s o  be deduced from Eq. 2 .1 .3 2 :  s in c e  th e  c r i t i c a l  
l i n e  i n  F ig .  6 .3  i s  th e  l i n e  c o n n ec t in g  th e  U .C .S .P .Ts o f  th e  sy s tem
f o  'Nr9 2p i
< 0 ,  so a c c o rd in g  to  Eq. 2 .1 .3 2 ,
’dx2jc c
> 0 a t  any p o i n t  on th e
8 x 2J
c r i t i c a l  l i n e .  A lthough a t  th e  h y p e r - c r i t i c a l  p o in t s  ( e . g .  H .C .P . l  and
H .C .P .2  i n  F ig .  6 .3 )  th e  second d e r i v a t i v e s  o f  T, H, S w i th  r e s p e c t  to
co m p o s i t io n  a r e  ze ro  as  can be seen  from Eqs. 2 .1 .3 0 - 3 1 ,  b u t ra 2v^
8x2
> 0 .
c
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T his  i n d i c a t e s  t h a t  th e  p r e s s u r e  and te m p e ra tu re  dependence o f  th e  
m ix tu re  m o lar  p r o p e r t i e s  a re  f a r  from  s im p le .  U n t i l  t h e r e  a re  more 
e x p e r im e n ta l  measurements f o r  th e  p r e s s u r e  and te m p e ra tu re  dependence o f  
th e  m ix tu re  p r o p e r t i e s ,  i t  i s  f r u i t l e s s  to  s p e c u la te  on th e  q u a l i t a t i v e  
v a lu e s  o f  them, because  c l a s s i c a l  thermodynamic argument o f  s o l u t i o n s  i t s e l f  
grounds on t h e  assum ption  t h a t  G i s  a n a l y t i c a l .  I t  h as  however been  shown 
t h a t  th e  a s su m p tio n  o f  G b e in g  a n a l y t i c a l  a t  a c r i t i c a l  p o i n t  i s  d o u b t fu l ;  
f o r  an  e x p l i c i t  c r i t i c a l  d i s c u s s io n  (1 4 ,1 3 1 ) .
Excess volume o f  t h i s  system  a t  a tm o s p h e r ic  p r e s s u r e  i s  deduced from 
d e n s i t y  measurements o f  N akan ish i (132) a c c o rd in g  to  Eq. 1 .3 .6  and has  
n e g a t iv e  v a lu e  i n  th e  whole ran g e  o f  c o m p o s i t io n .  A s i m i l a r  c o n c e n t r a t i o n  
dependence o f  th e  excess  volume i s  s e e n  f o r  aqueous s o lu t i o n s  o f  o th e r  
a l i p h a t i c  a l c o h o le s  (60) and k e to n e s  (1 3 3 ) .
The n e g a t iv e  excess  volume o f  aqueous m ix tu re s  may be  due, p r i m a r i l y  
to  a p a c k in g  o f  th e  sm all  w a te r  m o lecu le s  i n  v o id  volumes betw een o rg a n ic  
m o lecu le s  (134) . Another n e g a t iv e  c o n t r i b u t i o n  to  th e  ex c e ss  volume o f  
aqueous m ix tu re  may be due t o  a fo rm a t io n  o f  l o c a l  s t r u c t u r e s  around p o la r  
groups o f  the  m o lecu les  o f  th e  non-aqueous  component i n  t h e  same manner as 
i n  th e  m ix tu re  o f  t e r t .  b u ty l  a l c o h o l  w i th  w a te r  (1 3 5 ) .  However r e c e n t  
rev ie w  a r t i c l e s  on w a te r  and aqueous s o l u t i o n s  s t r e s s  t h e  f a c t  t h a t  th e re  
does n o t  e x i s t  an  adequa te  th e o ry  by w hich th e  c o n c e n t r a t i o n  dependence o f  
th e  thermodynamic q u a n t i t i e s  o f  d i l u t e  aqueous s o lu t i o n s  o f  n o n -p o la r  
s o l u t e s  can be  e s t a b l i s h e d  (1 3 6 ) .
6 .3  The Propanone-Carbon D i s u l f i d e  System
The phase  b eh av io u r  o f  th e  b in a r y  sy s tem  p ro p an o n e-ca rb o n  d i s u l f i d e  
was i n v e s t i g a t e d  a t  -  12°C and -  14°C up to  p r e s s u r e s  362MN/m2 .
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The r e s u l t s  w i t h i n  th e  c o n s t r a i n s  o f  the  a p p a ra tu s  used  su p p o r t  th e  e a r l i e r  
i n v e s t i g a t i o n  c a r r i e d  o u t  a t  -  2°C by Winnick and Power (22) . They i n d i c a t e  
t h a t  i n c r e a s i n g  p r e s s u r e  r a i s e s  th e  upper c r i t i c a l  s o l u t i o n  te m p e ra tu re .
No anomalous samples were ta k e n  which would s u p p o r t  t h e  view t h a t  
t h i s  system  shows two minima and a maximum i n  an open P .x loop a t  e l e v a te d  
p r e s s u r e .  T h e re fo re  th e  a p p a re n t  e x i s t e n c e  o f  two low er and an upper 
c r i t i c a l  s o l u t i o n  p r e s s u r e s  i n  Winnick and Powers o b s e r v a t io n s  (F ig .  5 .9 )  
must be a t t r i b u t e d  to  e x p e r im e n ta l  e r r o r .
W innick and Power (137) have a l s o  c a l c u l a t e d  th e  ex ce ss  volume o f  
t h i s  system  a t  0°C as  a f u n c t io n  o f  p r e s s u r e  and com posi t ion  from e x p e r im e n ta l  
measurements o f  c o m p r e s s ib i l i t y  c o r r e l a t e d  by th e  T a i t  e q u a t io n .  I t  has  been 
found t h a t  th e  excess  volume h a s  p o s i t i v e  v a lu e s  i n  th e  whole range  o f  
c o m p o s i t io n  a t  a l l  p r e s s u r e s  s t u d i e d ,  b u t  i t s  v a lu e  d e c re a se s  w i th  i n c r e a s i n g  
p r e s s u r e .  These a u th o rs  were a b le  t o  show q u a n t i t a t i v e l y  agreem ent between 
th e  o b se rv ed  phase  e q u i l i b r i a  and t h e i r  v o lu m e tr ic  m easurem en ts .
6 .4  The M utual S o l u b i l i t y  o f  th e  T h io d ip r o p io n i t r i l e - T o lu e n e  System
As i s  s e e n  i n  F ig .  5 .1 2 ,  i t  ap p ea rs  t h a t  t h i s  system  shows a dem ixing 
curve w i th  two U .C .S .T . f s and a  L .C .S .T .  i n  betw een, o v e r  a sm a ll  
c o n c e n t r a t i o n  r a n g e .  . C r i t i c a l  s o l u t i o n  te m p e ra tu re s  d e te rm in ed  by S k in n e r  
a re  much h ig h e r  th a n  th o se  found h e r e .  The d is c re p a n c y  may be  due to  an 
im p u r i ty  i n  t h e  m a t e r i a l s  used by S k in n e r  (most p ro b a b ly  w a te r  which g r e a t l y  
d e c re a s e s  th e  m utual s o l u b i l i t y ) . The p u r i t y  o f  th e  m a t e r i a l s  in v o lv e d  i s  
compared i n  Table  1 .1 2 .
Both th e  demixing curves  i n  F ig .  5 .1 2  a r e  o b ta in e d  by th e  o p t i c a l  
method i n  which some p i t f a l l s  a r e  l i k e l y  to  be  e n c o u n te re d .  T h e re fo re  th e
r e s u l t s  o b ta in e d  h e re  do n o t  p r o v id e  c l e a r - c u t  ev idence  f o r  th e  m u l t i p l i ­
c i t y  of c o n so lu te  p o in t s  over a  s m a l l  c o n c e n t r a t i o n  range in  an open 
m i s c i b i l i t y  lo o p ,  though such b e h a v io u r  i s  t h e o r e t i c a l l y  p o s s i b l e ,  i t  i s  
s a id  t o  be im probable (1 4 0 ) .
6 .5  B a c k -C a lc u la t io n  of th e  E x p e r im e n ta l ly  O btained D ata
The c o n s ta n t s  p e r t a i n i n g  t o  t h e  v a r io u s  s e m i-e m p ir ic a l  e x p r e s s io n s  f o r
EG were f i t t e d  by a t h i r d  or f o u r t h  o rd e r  p o ly n o m ia l  in  te m p e ra tu re  and 
p r e s s u r e .  These po lynom ials  w ere  th e n  u sed  to  c a l c u l a t e  the  dem ixing c u rv e s  
f o r  th e  system  3 m ethyl 2 b u ta n o n e -w a te r  and 2 b u ta n o l - w a te r . In  F i g s . 5 .2 4  
and 5 .25  th e  demixing loops c a l c u l a t e d  from O rye’s c o n s ta n t s  a re  shown.
With th e  e x c e p t io n  of th e  U niquac e q u a t io n  a p p l ie d  t o  2 - B u ta n o l - w a te r , where 
c o m p u ta t io n a l  d i f f i c u l t i e s  were e n c o u n te re d  i n  e s t i m a t in g  th e  c o n s t a n t s ,  
p o s s i b ly  due t o  th e  e x i s t e n c e  o f  m u l t i p l e  s o l u t i o n s  t o  th e  e q u a t io n  as 
d e s c r ib e d  by Heidemann and Mandhane (1 0 7 ) ,  t h e  Van L a a r ,  H e i l ,  and U niquac 
e q u a t io n s  d e s c r ib e  th e  alm ost v e r t i c a l  p o r t i o n s  of th e  lo o p ,  b u t  th e y  f a i l  
t o  e x t r a p o l a t e  t o  th e  upper and low er p o r t i o n s  of the c o n s o lu te  p o i n t s .  
However F i g . 5 .2 4  shows t h a t  th e  Orye e q u a t io n  i n t e r p o l a t e s  th e  e x p e r im e n ta l ly  
o b ta in e d  co n ju g a te  com posi t ions  o f  th e  sy stem  3 m e thy l 2 b u ta n o n e -w a te r  v e ry  
w e l l ,  though i t  does n o t  lend  i t s e l f  to  t h e  e x t r a p o l a t i o n  of t i e - l i n e s  or 
f o r  th e  p r e d i c t i o n  of c o n s o lu te  p o i n t s  f o r  t h i s  system .
F ig .  5 .25  shows th e  t i e - l i n e s  p r e d i c t e d  by th e  Orye e q u a t io n  f o r  th e  
system  2 b u ta n o l - w a te r .  T h e re  i s  good agreem ent between e x p e r im e n ta l  and 
p r e d i c t e d  v a lu e s  a t  te m p e ra tu re s  h ig h e r  th a n  20 C a t  any p r e s s u r e  c o n s id e re d .  
At lower te m p e ra tu re s  th e  s e m i - e m p i r i c a l  e q u a t io n s  t e s t e d  seem u n ab le  to  
d e s c r ib e  s a t i s f a c t o r i l y  th e  more complex s o l u t i o n  b ehav iou r  of t h i s  sy s tem .
There i s  no re a s o n  i n  p r i n c i p l e  why t h e  Orye e q u a t io n  shou ld  p e rfo rm  
any b e t t e r  i n  t h i s  a p p l i c a t io n  th a n  th e  o th e r  e q u a t io n s  c o n s id e r e d ,  a 
p o s s i b l e  e x p la n a t io n  i s  t h a t  t h e  t e m p e ra tu re  and p r e s s u r e  dependence of th e  
Orye e q u a t io n  i s  s im p le r  than  th o s e  o f  th e  o th e r  e q u a t io n s .
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In  view o f  the  r e l a t i v e l y  u n s a t i s f a c t o r y  way in  which the  sem i-
e m p i r ic a l  e x p re s s io n s  f o r  th e  system s s t u d i e d ,  i t  would be a dubious
E e Es te p  to  a t te m p t  to  d e r iv e  such  o th e r  f u n c t io n s  as  V and H from G • 
by e q u a t io n s  such as Eqs, 2 .3 .1  and 2 . 3 . 3 .
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CHAPTER 7 
CONCLUSIONS
The l i q u i d - l i q u i d  p h ase  b e h a v io u r  o f  th e  system s 3 m ethyl 2 b u ta n o n e -  
w a te r ,  2 b u ta n o l - w a te r ,  p ro p an o n e -ca rb o n  d i s u l f i d e  were s tu d ie d  a t  h ig h  
p re s s u re  by u s in g  two s p e c i a l l y  d e s ig n e d  e q u i l ib r i u m  c e l l s .  The m utual 
s o l u b i l i t y  o f  th e  sy stem  t h i o d i p r o p i o n i t r i l e - t o l u e n e  was a l s o  s tu d ie d  a t  
a tm o sp h eric  p r e s s u r e .  The f o l lo w in g  c o n c lu s io n s  a r e  drawn f o r  each  
i n d i v id u a l  system  i n v e s t i g a t e d .
7 .1  3 Methyl 2 B utanone-W ater
The m utual s o l u b i l i t y  o f  3 m ethy l 2 b u ta n o n e -w a te r  system  was s tu d ie d  
up to  p r e s s u r e s  th r e e  t im es  h ig h e r  th a n  h i t h e r t o  used  i n  a much w id e r  
te m p era tu re  ra n g e .  R e s u l t s  o b ta in e d  h e r e  do n o t  su p p o r t  th e  e a r l i e r  r e p o r t  
t h a t  t h i s  system  shows a  low er c r i t i c a l  s o l u t i o n  p r e s s u r e  i n  be tw een  two 
upper c r i t i c a l  s o l u t i o n  p r e s s u r e s  o v e r  a c o n c e n t r a t i o n  ran g e .
I t  i s  concluded  t h a t  t h i s  sy s tem  shows s i m i l a r  b eh a v io u r  to  t h a t  o f  
i t s  homologue 2 b u ta n o n e -w a te r  sy s tem  i n  w hich in c r e a s in g  p r e s s u r e  c o n t r a c t s  
th e  m i s c i b i l i t y  lo o p .  Thus, w i th  i n c r e a s i n g  p r e s s u r e  th e  upper c r i t i c a l  
s o l u t i o n  p r e s s u r e  f a l l s ,  th e  low er c r i t i c a l  s o l u t i o n  p r e s s u r e  r i s e s .  This  
b eh av io u r  su p p o r ts  th e  view  t h a t  t h i s  sy s tem  would form a c lo s e d  m i s c i b i l i t y  
dome i n  th e  T, P , x space  i f  th e  f r e e z i n g  d id  n o t  o ccu r  a t  low te m p e ra tu re  and 
p r e s s u r e .
7 .2  2 B utano l-W ater
The m utual s o l u b i l i t i e s  o f  th e  2 b u ta n o l - w a te r  system  were th o ro u g h ly  
s tu d ie d  as  a  f u n c t io n  o f  te m p e ra tu re  and p r e s s u r e  by th e  e q u i l ib r i u m  c e l l
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des igned  f o r  th e  p u rp o se .  The d a ta  o b ta in e d  were found to  a g re e  w e l l  
w i th  th e  r e s u l t s  o f  t h e  most o f  th e  o t h e r  w orkers  who used v a r io u s  
o th e r  m ethods. An h i t h e r t o  unknown i m m i s c i b i l i t y  phenomenon f o r  t h i s  
system  was o b se rv e d ,  namely t h a t  th e  i m m i s c i b i l i t y  s u r f a c e  i n  T, P , x 
space  shows a  minimum (o r  a  s a d d le  p o in t )  i n  a d d i t i o n  to  a maximum. 
C onsequently  t h i s  system  e x h i b i t s  c o n s o lu te  p o in t s  o f  th e  same k in d  
i n  two s e p a r a t e  m i s c i b i l i t y  lo o p s  i n  an  open T, x i s o b a r .
7 .3  Propanone-Carbon D is u l f id e
The in f lu e n c e  o f  p r e s s u r e  on t h e  m u tua l  s o l u b i l i t y  o f  th e  sy s tem  
p ropanone-ca rbon  d i s u l f i d e  sy s tem  was s t u d i e d  a n a l y t i c a l l y  a t  -  12°C and 
-  14°C up to  p r e s s u r e s  362 MN/m2. The r e s u l t s  o b ta in e d  i n d i c a t e  t h a t  
i n c r e a s in g  p r e s s u r e  red u ces  th e  ran g e  o f  m utual s o l u b i l i t y .  No anomalous 
t i e - l i n e s  were o b ta in e d .  I t  i s  t h e r e f o r e  conc luded  t h a t  th e  i n d i c a t i o n s  
o f  th e  e x i s t e n c e  o f  two low er c r i t i c a l  s o l u t i o n  p r e s s u r e s  and one up p er  
c r i t i c a l  s o l u t i o n  p r e s s u r e  g iv e n  by e a r l i e r  w orkers  r e s u l t  from s m a l l  
e x p e r im en ta l  e r r o r s .  I t  h a s  b een  found t h a t  th e  shape o f  dem ixing cu rv e  a t  
h igh  p r e s s u re  conforms w i th  th e  g e n e r a l l y  en co u n te red  form o f  phase  b e h a v io u r .
I n  th e  l i g h t  o f  th e  r e s u l t s  o b ta in e d  f o r  th e  p ropanone-ca rbon  d i s u l f i d e  
system  one m igh t s u g g e s t  t h a t  th e  a p p l i c a t i o n  o f  p r e s s u re  may be  u s e f u l  a s  
a s e p a r a t io n  p ro c e s s  i n  i n d u s t r y ,  a l th o u g h  i t  i s  r a t h e r  u n l i k e l y  t h a t  t h i s  
s e p a r a t i o n  techniq .ue can  compete w i th  th e  o t h e r  w e l l - e s t a b l i s h e d  s e p a r a t i o n  
p ro c e s se s  such as d i s t i l l a t i o n  and e x t r a c t i o n ,  i t  m ight be v a lu a b le  i n  th e  
s e p a r a t io n  o f  expens ive  p r o d u c t s ,  where th e  o th e r  te ch n iq u es  f a i l .
7 .4  T h io d t rp ro p io n i t r i le -T o lu e n e
The m utual s o l u b i l i t y  o f  th e  b i n a r y  sy s tem  t h i o d i p r o p i o n i t r i l e - t o l u e n e  
was s tu d ie d  a t  a tm o sp h er ic  p r e s s u r e  by a  l i g h t  t r a n s m is s io n  m ethod. I t
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appears  t h a t  t h i s  system  shows two U .C .S .T . f s and a L .C .S .T .  o v e r  a 
sm all  c o n c e n t r a t i o n  ra n g e .
7.5  G enera l Remarks
I t  i s  w orth  em phasiz ing  t h a t  no e x p e r im e n ta l  ev idence  was found to  
s u p p o r t  th e  view t h a t  th e  b in a r y  systems 3 m ethy l 2 b u ta n o n e -w a te r  and 
p ro p anone-ca rbon  d i s u l f i d e  show an anomalous b e h a v io u r  a t  h ig h  p r e s s u r e .  
No adequa te  th e o ry  has  been  found to  d e s c r ib e  th e  p hase  b e h a v io u r  o f  the  
systems 3 m e th y l 2 b u ta n o n e -w a te r  and 2 b u ta n o l - w a te r .
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APPENDIX 1
TABLESOF RESULTS
Table 1 .1  Conjugate Compositions for  3 Methyl 2 Butanone ( l)-W ater  (2)
a t  Atmospheric Pressure
Temp Mass f r n . Ketone Ref. 71 R e t  72
°C x"X1 x ’X1 x"X1 x i
-  8. .1390 .9578
0 . .1044 .9716
10. .0845 .9697 .0653
20 .0729 .9706 .0653 .9761
25 .0663 .9649 .0608 .9743
30 .0611 .9619 .0568 .9724 .0497
40 .0567 .9590
50 .0513 .9594 .0486
60 .0483 .9537
70 .0473 .9337
80 .0492 .9298
85 .0499 .9262
90 .0517 .9267
110 .0545 .8998
120 .0596 .8890
130 .0651 .8731
140 .0674 .8441
150 .0841 .8223
160 .1007 .7894
170 .1358 .7474
180. .1628 . 7030
133.2* 0.8661 -
157.8* 0.7812 -
178* 0 .7011 _
* D eterm ined  by l i g h t  t r a n s m is s io n  method w i th  s o l u t i o n s  under  t h e i r  
va our r e s s u r e s
own
Table 1 .2  Conjugate Compositions fo r  3 Methyl 2 Butanone ( 1 ) -Water (2)
as Functions o f  Temperature and Pressure
Temp P re s s  Mass f r n .  1
0
C (MN/m2) lower
la y e r
upper
l a y e r
-  8 69 .0 .1932 .9528
0 .1429 .9606
10 .1201 .9624
20 .1008 .9598
30 .0798 .9565
45 .0646 .9429
60 .0545 .9475
75 .0486 .9341
90 .0503 .9348
-  8 137.9 .2635 .9270
0 .1898 .9495
10 .1522 .9541
20 .1119 .9531
30 .0889 .9522
45 .0697 .9354
60 .0583 .9378
75 .0497 .9294
90 .0598 .9311
-  8 206.8 .3289 .8994
0 .2371 .9353
10
, .0852 .9359
20 .1233 .9419
30 .0943 .9410
45 .0838 .9270
60 .0687 .9226
75 .0585 .9115
90 .0621 ‘ ,9204
Temp P re s s Mass f r n .  1
°C (MN/m2) lower
l a y e r
upper
l a y e r
-  8 2 7 5 .8 .4148 .8432
0 .3163 .8878
10 .2149 .9177
20 .1368 .9341
30 .1120 .9255
45 .0935 .9201
60 .0772 .9101
75 .0649 .9091
90 .0660 .8946
0 310.3 .3424 .8677
10 .2441 .8914
20 .1592 .9266
45 .0915 .9078
60 .0818 .9015
0 344.7 .3839 .8318
10 .2742 .8856
20 .1708 .9207
30 .1274 .9153
45 .0964 .9028
60 .0826 .8966
75 .0753 .8864
90 .0717 .8586
Table 1.
\
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3 C o n s o lu te  P o i n t s  o f  th e  System 3 M ethyl 2 B utanone-W ater  
e x t r a p o l a t e d  by  th e  Orye e q u a t io n .
P r e s s u r e  L .C .S .T .  U .C .S .T .
0 .1  -  1 9 8
310 - 8
3 4 4-7 - 5
-  165 -
Tablet .4 Conjugate solutions in the system 3 methyl 2 butanone -
water - propanone a t  normal pressure.
Temperature Upper la ye r Lower laye r
Mass f rn . Mass f rn . Mass frn . Mass f rn .
C5 ketone Water C5 ketone Water
.7149 .0684 .0844 .7611
.7067 .0715 .0847 .7675
.7003 .0707 . .0878 .7690
.6523 .0843 .0940 .7227
.6369 .0861 .0984 .7104
.6151 .0932 - -
.5795 .1018 .1035 .6760
.5744 .1077 .1069 .6636
.5318 .1190 .1152 .6385
.5143 .1400 .1152 .6361
.5130 .1346 .1168 .6199
.4655 .1606 .1285 .5956
.4645 .1521 .1618 .5404
.3467 .2622 .1850 .4787
.8719 .0320 .1222 .7851
.8501 ..0449 .1192 .7789 .
.7987 .0436 .1213 .7248
.7697 .0659 .1254 .7199
.7419 .0527 .1219 .6941
.6933 .0583 .1275 .6514
.6851 .0590 .1365 .6398
.6331 .0754 .1346 .6169
.6145 .0873 .1465 .5867
.5514 .1233 .1667 .5324
.5376 .1129 - -
.4536 .1565 .2204 .4253
Ta
ble
 
5^ 
C
rit
ic
al
 
co
m
po
si
tio
ns
 
of 
so
lu
tio
ns
 
of 
3 
m
et
hy
l 
2 
bu
ta
no
ne
 
- 
wa
te
r 
- 
pr
op
an
on
e 
at
-  166 -
e
o
• r -
P
O X - cr> «o- 0 0 0 0 'O ’ i n
to CD i n t n i n r o i n
X - P o i n c n r^ . v o
P rO VO v o o r— o o r o
10
in
ro
S
• • • • *
c
o
•r—
P CD
a C r — c n v o r^»
to o CM 0 0 r — v o
X - p CM c n i n r o
M - CD r— O v o *3 -
in
CO
ro
s :
in
o
• • •
cr>
ro
ro
Oc
CM
~a
o
p
CD
c
o
• r -
P
U X -
ro <D
X - P
P ro
5
10
inro
1'.
CT) i—  L n
cn id  vo 
VO O  *0- LO
c o  
00 ^  LDLn m
r^ .
oo
i n
roo
• r *4->
a .
o
>>
JO
*o
CDC
C
o
•r—
P (D
U C
ro o
X - p
P
in
CD
in in
ro
s :
o
O  CM O V N  VO ( D  
CM CM N  VO  OO  cn 00 'J- ro
CD
P
CDTO
O
o
TOc
ro
COa>
S -3
co
in
CD
X -CL
roEs_
oc
c
o
• r —
P
O X- O vo ro *0-
ro CD o vo "O' CM
X- P f— ro vo cn
P ro ro ro ro ro
10
in
rO
s :
5 • • • •
c
o
•r-
P CD
a C
r0 o
X - p
P
co
CD
in in
ro
s :
o
r— O
ro  O  
CO ro  
ro  «0 -
O  cr» ro  r>. O  O
VO  VO  CO CM CJl c oO 00 VO 'O' *0" i—
n  CM CM CM CM CM
Table 1.6
Table
Compositions o f  Conjugate S o lu t io n s  of 2 Butanol (1) and Water (2)
a t  N atural Pressure
Temp Mass f r n .  1 Temp Mass f r n . 1
°C x i X 11X1 °C X1 X1
- 8 .2710 .6484 10 .2316 .6195
-7 .2714 .6406 15 .2275 .6243
-6 .2662 .6311 20 .2027 .6434
-5 .2648 .6273 25 .1873 .6631
- 4 .2657 .6241 30 .1709 .6665
-3 .2630 .6211 40 .1523 .6803
-2 .2697 .6124 50 .1420 .6811
-1 .2684 ,6131 60 .1359 .6774
0 .2644 .6187 70 .1355 . 6620
1 .2661 .6173 75 .1377 .6635
2 .2567 .6152 80 .1387 .6431
3 .2531 .6186 85 .1410 .6389
5 .2491 .6145 90 .1609 .6269
99 .1707 .5771
1 .7  C r i t i c a l  S o lu t io n  Tem perature o f  2 B u tan o l-W ate r  D eterm ined  
by th e  L ig h t  T ran sm iss io n  Method w i th  S o lu t io n s  Under T h e i r  
Own Vapour P r e s s u r e
Mass F r a c t i o n  C r i t i c a l  S o lu t io n
2 B u tano l Tem perature  °C
108.4 
109.9
110.7
110.3
109.7
108.8
101.4
9 5 .1
0.2319
0,2703
0.3151
0.3603
0.4151
0.4526
0.5334
0.6048
Table 1 .8  Mutual S o l u b i l i t i e s  o f  the System 2 Butanol ( l ) -W ater  (2) at
E leva ted  P ressu re
Temp P re s s Mass f r n .  1 Temp P re s s Mass f r n .  1
°C MN/m2 X*
1
x"X1 °C MN/m2 X*X1 x"X1
- 7 3 .4 .2732 .6219 20 17 .2 .2753 .5498
-5 .2730 .6215 30 .1943 .6163
0 .2817 .5750 30 2 0 .6 .2349 .5806
-5 .2527 .6120 30 34 .5 .2650 .5422
10 .2497 .6007 40 .2086 .5862
20 .2156 .6176 60 .1796 . .6235
- 7 6 .9 .2733 .6078 80 .1753 .5716
- 5 .2772 .5911 90 .2044 .5563
0 .2948 .5628 99 .2735 .4637
5 .2753 .5790 40 4 8 .3 .2456 .5409
10 .2609 .5787 40 5 5 .2 .2731 .5194
20 .2314 .6126 60 .2197 .5780
- 7 10.3 .2711 .5957 80 .2256 .5404
- 5 .2892 .5747 90 .2453 .4998
0 .3172 .5469 60 6 9 .0 .2449 .5044
5 .2916 .5626 60 7 5 .8 .2710 .4749
10 .2765 .5728
- 7 . 13.8 .2682 .5500
- 5 .3303 .5377
10 .3305 .4971
20 .2485 .5891
30 * * .1942 .6272
40 .1535 .6485
60 .1577 .6603
80 .1684 .6034
90 .1728 .5839
99 .2059 .5515
-  169 -
T able  1.9 C onso lu te  P o in ts  of th e  System 2 B u tano1-W ater .
T U .C .S .P . P L .C .S .T .  U .C .S .T .
(°C) (MN/m2) (MN/m2) (°C)
- 7  17.2  0 .1  -  112
-5  15.5  13 .8  6 -3  108
0 13 .8  34 .5  22 103
5 13.8
10 15.5  5 5 .2  32 96
20 20 .7
30 44 .8
40 65 .5
60 82 .7
80 75 .8
90 65.5
99 41 .4
Tab le  1.
Table 1.
10 C on juga te  Compositons f o r  Propanone ( l ) -C a rb o n  D i s u l f i d e  (2) 
as a F u n c t io n  o f  T em pera tu re  and P r e s s u r e
°c MN/m2 X1
x"X1
-12 345 0.2663 0.4442
362 0 .2453 0.4806
-1 4 328 0.2156 0.5035
345 0.1735 0.5582
362 0 .1443 0 .5798
LI C r i t i c a l  S o lu t i o n  T em pera tu re  o f  th e  B in a ry  System 
T h i o d i p r o p i o n i t r i l e - t o l u e n e
Mass F r a c t i o n  
o f  Toluene
C r i t i c a l  S o lu t io n  
Tem pera ture  °C
0 .5050
0 .5313
0 .5549
0 .5858
0 .6077
0 .6391
0 .6850
0 .6950
42.00
43 .58
4 3 .70
43 .34
4 2 .98
43 .22
43.46
40 .84
Table 1.12 E lem en ta l  A n a ly s is  o f  T h i o d i p r o p i o n i t r i l e
E lement
Carbon
Hydrogen
N itro g en
S u lfu r
T h e o r e t i c a l  
Mass %
51.398
5.752
19.986
22.867*
E x p e r im e n ta l  
Mass %
51 .24  -
5 .7 3
19 .88
23 .15
T heor.% 
Exp.% 
This  work
99.69
99.62
99.47
101.24
x 100
R ef. (20)
94 .6
9 8 .3
* C a lc u la te d  from d i f f e r e n c e s .
The r e s u l t s  a re  w i th in  0.30% a b s o l u t e .
Table  13 The P h y s ic a l  P r o p e r t i e s  o f  T h i o d i p r o p i o n i t r i l e
P h y s ic a l  P r o p e r t i e s  
M elt ing  p o in t  
B o i l in g  p o in t
R e f r a c t iv e  index  
(30 °C)
D en s ity  (g r /m l)  
a t  30 °C
..This work
2 8 .8  °C
214 °C (u nder  
1 mm Hg)
1.5003
1.1038
Ref. (128) 
28.65 2 2 .1
1.5022
1.1095
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APPENDIX 2
EMPIRICAL CONSTANTS
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Table 2 .6  T em peratu re  D ependence o f  th e  Van L aar C o n stan ts  o f  th e  
System  2 B u tan o l ( l) -W a te r  (2) a t  A tm ospheric  P re s s u re
D ata o f  Ref (51)
T°C A 12 > ro »—* 1 TeC A 12 * 2 1
-  8 6952 1915 10 7289 2065
-  7 6952 1915 20 7759 2175
-  6 6952 1915 27 8164 2196
-  5 6952 1915 40 8759 2355
-  4 6956 1932 50 9270 2331
-  3 6961 1947 60 9602 2355
-  2 6961 1949 70 9882 2446
-  1 6969 1964 80 9979 2503
0 6995 1998 90 10057 2399
1 6995 1998 100 10014 2368
2 7031 2034 110 9888 2282
3 7060 2061
5 7099 2090
10 7325 2091
15 7443 2185
20 7768 2184
25 7970 2341
30 8296 2274
40 8759 2355
50 9163 2394
60 9525 2434
70 9743 2464
75 9901 2465
80 9901 2465
85 10097 2419
90 10057 2399
99 10057 2399
-  i / y  -
T able 2 .7  The V a r ia t io n  o f th e  Van L aar C o n stan ts  o f  th e  System  
2 B u ta n o l ( l ) -W a te r  (2) w ith  T and P
T°C 
-  7
P
3 .4
a 2
7672
A
1551
T°C
20
P
17.2
a 12
7511
a 21
1877
-  5 7637 1588 30 7745 2214
0 7607 1532 30 27 .6 7865 2217
5 7644 1693 30 34 .5 7598 2179
io 7643 1745 40 8107 2354
20 7722 2062 60 9068 2246
-  7 6 .9 7658 1513 80 9501 2239
-  5 7607 1507 90 9509 2376
0 7607 1532 99 9321 2460
5 7605 1612 30 4 1 .4 7763 2254
10 7605 1688 40 4 8 .3 7904 2294
20 7690 2029 40 5 5 .2 7800 2262
-  7 10 .3 7645 1478 60 8849 2069
-  5 7597 1477 80 9306 2077
0 7598 1500 90 9627 2262
5 7591 1582 60 69 8643 1913
10 7605 1688 60 7 5 .8 8578 1848
-  7 13 .8 7604 1478
-  5 7588 1438
10 7533 1543
20 7706 1966
30 7.956 2313
40 8560 2505
60 9267 2392
80 9622 2318
90 9718 2486
99 9681 2521
Table 2 .8  The V a r ia tio n  o f  the H e il C onstants o f  the System 2 Butanol ( 1 ) -
Water (2 ) w ith  T and P
T°C P
MN/m2
A 12 a 21 T°C PMN/m2
a 12 ^ 2 1
-  7 3 .4 2006 1644 80 2146 2304
-  5 2002 1624 90 2166 2359
0 1998 1643 99 2164 2366
5 2009 1711 20 17.2 2014 1757
10 2012 1734 30 2049 1900
20 2030 1823 . 30
30
2 7 .6
3 4 .5
2032
2024
1861
1820
-  7 6 .9 2002 1627 40 2052 1941
-  5 1996 1624 60 2101 2154
0 1997 1637 80 2131 2267
5 2003 1681 90 2143 2302
10 2007 1734 99 2125 2274
20 2030 1883 30 41 .4 2036 1856
-  7 10.3 1999 1612 40 48 .3 2037 1891
-  5 1993 1611 40 5 5 .2 2032 1873
0 1997 1636 60 2077 2084
5 2000 1670 80 2104 2201
10 2007 1712 90 2116 2237
-  7 13.8 1999 1712 60 69. 2052 2015
“ 5 1990 1718 60 7 5 .8 2044 1991
0 - -
5 - -
10 1996 1805
20 2022 1793
30 2050 1914
40 2087 2044
60 2127 2219
Table 2 .9  The Temperature Dependence o f the H e il C onstant o f  the
System  2 Butanol (l)-W a ter  (2) a t  Atm ospheric P ressure
D ata  o f  Ref (51)
T°C
A , A 2 i
' T A ,j2 A«2i
-  8 650 2127 10 1039 2041
-  7 650 2127 20 1419 2058
-  6 662 2142 27 1565 2105
-  5 662 2141 40 1710 2213
-  3 682 2161 50 1812 2241
-  2 682 2161 60 2043 2325
-  1 688 2166 70 2077 2408
0 697 2176 80 2252 2377
1 697 2176 90 2257 2389
2 856 2197 100 2257 2388
3 864 2206 110 2257 2388
5 869 2222
10 1045 2276
15 1070 2311
20 1420 2222
25 1452 2122
30 1507 2198
40 1660 2307
50 1888 2320
60 2038 2318
70 2064 2380
75 2178 2377
80 2247 2364
85 2260 2396
90 2257 2389
99 - 2260 2397
Table 2 .1 0  The Temperature Dependence o f the Orye Parameters o f  the
System 2 Butanol (1 ) -Water (2 )
D ata o f  R ef (51)
T°C A i2 A 2 i T°C a 12
-  8 -1184 2872 10 -1088 2831
-  7 -1184 2872 20 -1043 2866
-  6 -1182 2873 27 -1051 2946
-  5 -1180 2874 40 -1019 3022
-  4 -1179 2875 50 -  980 3053
-  3 -1123 2806 60 -1029 3175
-  2 -1124 2804 70 -1003 3195
-  1 -1121 2805 80 -  994 3202
0 -1166 2801 90 -  997 3200
1 -1115 2811 ioo -1005 3194
2 -1111 2814 110 -1023 3179
3 -1107 2818
5 -1102 2821
10 -1083 2835
15 -1069 2846
20 -1042 2867
25 -1099 2996
30 -1076 3013
40 -1063 3083
50 -  985 3049
60 -1032 3174
70 -1014 .3187
75 -1002 3196
80 -1000 3198
85 -  991 3205
90 -  998 3200
99 -1001 3197
Table 2.11 The V a r ia t io n  o f the Orye C onstants o f  the System 2 Butanol
( 1 ) -W ater (2) w ith  T and P
T°C P CM
<
A21 T°C P a 12 A•21
-  7 3 .4 -1179 2857 20 17 .2 -1133 2893
-  5 -1174 2860 30 -1 0 6 8 2442
0 -1173 2860 30 27 .6 -1 0 9 4 2923
5 -1148 2880 30 34 .5 -1 1 1 0 2912
10 -1138 2887 40 -1061 2951
20 -1 1 0 0 2917 60 -1116 3176
-  7 6 .9 -1182 2855 80 -1085 3205
-  5 -1174 2855 90 -1081 3209
0 -1178 2857 99 -1 1 0 3 3194
5 -1160 2870 30 4 1 .4 -1094 2923
10 -1146 2881 40 4 8 .3 -1 0 8 4 2934
20 -1107 2912 40 5 5 .2 -1095 2926
-  7 10 .3 -1183 2854 60 -1 1 4 8 3152
- 5 . -1186 2851 80 -1116 3183
0 -1185 2852 90 -1109 3188
. 5- -1164 2866 60 69 -1170 3135
10 -1151 2878 60 75 .8 -1181 3128
-  7 1 3 .8 -1184 2852
-  5 -1 1 9 8 2842
10 -1170 2864
20 -1118 2904
30 -1065 2945
40 -1012 2987
60 -1088 3197
80 -1071 3125
90 -1056 3227
99 -1062 3224
-  184 -
T able 2 .1 2  The T em perature Dependence o f  th e  U niquac C o n s tan ts  o f  th e  
System  2 B u tan o l ( l) -W a te r  (2) a t  A tm ospheric  P re s s u re
T#C A12 A21 T*C
D ata o f 
A12
Ref (51) 
A21
-8 -6 1278 10 -35 1317
-7 -7 1276 20 -9 3 1376
-6 -7 1276 27 -8 8 4 2751
-5 -6 1277 40 -215 1507
-4 -5 1278 50 -416 2310
-3 -3 1280 60 -389 2334
-2 -6 1277 70 -735 2853
-1 -3 1280 80 -740 2850
0 -3 1285 90 -764 2834
1 -4 1286 100 -795 2812
2 -9 1291 110 -8 4 4 2776
3 -1 4 1296
5 -20 1302
10 -4 3 1324
15 -59 1340
20 -9 5 1377
25 -1 2 8 1411
30 -159 1444
40 -213 1502
50 -255 1552
60 -395 2328
70 -753 2840 .
75 -743 2847
80 -748 2844
85 -743 2849
90 -765 2833
99 -784 2820
T able 2 .1 3  The V a r ia t io n  o f  th e  U niquac C o n stan ts  of th e  System 
2 B u ta n o l ( l ) -W a te r  (2 ) w ith  T and P
T P A12 A-21 ' T°C
P
MN/m2
A
12 £ l
-7 3 .4 -962 2715 90 13 .8 -802 2804
-5 -960 2700 99 -828 2785
0 -994 2696 20 17.2 -990 2694
5 -963 2711 30 -918 2735
10 -967 2708 30 27 .6 -954 2714
20 -938 2723 30 34.5 -981 2697
-7 6 .9 -975 2708 40 -926 2726
-5 -986 2700 60 -847 .2773
0 -1000 2693 80 -832 2783
5 -987 2698 90 -843 2775
10 -983 2699 99 -890 2741
20 -944 2720 30 41 .4 -954 2714
-7 10 .3 -986 2703 40 48 .3 -963 2704
-5 -996 2695 40 55 .2 -979 2695
0 -1006 2690 60 -899 2739
5 -996 2694 80 -884 2747
10 -- -983 ; 2699 90 -888 2744
-7 13 .8 -1021 2686 60 69. -943 2710
-5 -1013 2687 75 .8 -960 2699
0 -1006 2690
10 -1026 2677
20 -963 2709
30 -909 2739
A0 • -849 2774
60 -800 2803
80 -809 2783
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APPENDIX 3 
ACCURACY OF THE CONJUGATE COMPOSITIONS
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In  th e  d e te rm in a tio n  o f  l i q u i d - l i q u i d  e q u i l ib r iu m  d a ta  a t  e le v a te d
p r e s s u r e ,  e r r o r  may o r ig i n a te  from  two p r in c i p a l  so u rc e s : gas chrom ato­
graphy and u n c e r t a in t i e s  in  r e p r e s e n ta t iv e  sam ple. The e f f e c t  o f  
e x p e r im e n ta l e r r o r  from each  so u rc e  on th e  c o n ju g a te  co m p o sitio n  i s  
e s t im a te d  below . In  a r r iv i n g  a t  an e s t im a te  o f  th e  s ta n d a rd  e r r o r  o f 
c o n ju g a te  co m p o s itio n , th e  fo llo w in g  g e n e ra l fo rm ula f o r  th e  p ro p a g a t io n  
o f e r r o r  was a p p l ie d
Ay = th e  s ta n d a rd  e r r o r  on y 
A .3 .1  E s tim a tio n  o f  th e  S tan d a rd  E r r o r  in  th e  A n a ly t ic a l  Method
A f te r  hav ing  e s ta b l i s h e d  th e  optimum c o n d itio n s  f o r  th e  sy stem  o f  
i n t e r e s t ,  th e  d e te c to r  re sp o n se  i s  c a l i b r a t e d  by a s e r i e s  o f  s y n th e t i c  
m ix tu re s .  I t  has been  found t h a t  th e  d e t e c to r  re sp o n se  i s  l i n e a r  w ith  
sam ple s iz e  w ith in  th e  range  0 .5  and 5 and c o r r e c t io n  f a c t o r  (Eq. 
3 .4 .1 )  i s  in d ep en d en t o f  co m p o sitio n  f o r  each  system  c o n s id e re d .
The T able below  l i s t s  th e  r e le v a n t  e x p e rim e n ta l v a r ia b le s  and t h e i r  
e s tim a te d  s ta n d a rd  e r r o r s  w hich w ere ta k en  in to  acco u n t in  c a l c u la t in g  th e  
s ta n d a rd  e r r o r  on m utual s o l u b i l i t y  d e te rm in ed  a t  75°C and 206 .8  MN/m2 f o r  
th e  system  3 m ethy l 2 b u ta n o n e -w a te r .
i = l  '  i
A .3 .1
w here
x .l = an e x p e r im e n ta l v a r i a b le
Ax. = th e  s ta n d a rd  e r r o r  ^ a sso c ia te d  w ith  v a r ia b le  il
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In te rm e d ia te
v a r ia b le
P re p a ra t io n  
o f  s y n th e t ic  
m ix tu re
Unknown
m ix tu re
found by th e
R e la te d  e x p e r im e n ta l 
v a r ia b le
Mass o f  v i a l  (g r)
Mass o f  v i a l  + k e to n e  (g r)  
Mass o f  v i a l  + k e to n e  
+ w a te r  (g r)
K etone mass f r a c t i o n  
A rea o f  k e to n e  ( u n i t s )  
A rea o f w a te r  ( u n i t s )  
C .F. (Eq. 3 .4 .1 )
A rea o f  w a te r  ( u n i t s )  
A rea o f  k e to n e  ( u n i t s )  
C o rre c te d  a re a  o f  k e to n e
TOTAL
Mass f r a c t i o n  o f  k e to n e  
_PerC entage e rro r
s t a t i s t i c a l  t e s t s .
v a lu e
-S tandard
e r r o r
12 12X10” 1*
21,5 21.5*10-**
2? 2 2 *10“ 4
\
0 .95 2 .71X H T 1*
48500 48500x10“ 3
4200 4200x l0“ 3
1.645 0.00311
7107 7107x10“ 3
39328 39 32 8x10“ 3
>4694.6 138,37
71802 138.55
0 .9 1 0.0029
0.32%
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A .3 .2  U n c e r ta in t ie s  in  th e  R e p re s e n ta t iv e  Samples
In  o rd e r  to  o b ta in  a r e p r e s e n t a t iv e  sam ple o f th e  c o n te n ts  o f  th e
sample h o ld e r ,  i t  was n e c e s s a ry  to  f lu s h  th e  rem ains o f  th e  p re v io u s  
sam ple from  th e  c a p i l l a r y  tu b in g . S in ce  th e  c a p i l l a r y  had a b o re  o f  
0 .1  mm, i t  was im p o ss ib le  to  fo rc e  th e  dead l i q u id  th rough  an a p p re c ia b le  
le n g th  and d e t e c t  i t  e x p e r im e n ta l ly .  T h e re fo re  th e  prob lem  was approached  
t h e o r e t i c a l l y ,
Assume a s t r e a m - l in e  flow  and c o n s ta n t  v i s c o s i t y .  I f  th e  c a p i l l a r y
i s  i n i t i a l l y  f u l l  o f  l i q u id  A and has a d ia m e te r  r, a le n g th  I and f o r  th e
pu rpose  o f t h i s  a n a ly s i s  a c o n s ta n t  flow  r a t e  q , th en :
q = *rrr2u = — 7rr2u A. 3 .2
and
u = ds 1 - 2l.2 ) A .3 .3
w here
u = av e ra g e  v e l o c i ty  o f  th e  f l u i d
u = maximum v e lo c i ty  o f th e  f l u i d
ug = v e l o c i ty  o f  th e  f l u i d  a t  a d i s ta n c e ,  s ,  from  th e  a x i s .
The tim e r e q u ire d  f o r  th e  f i r s t  t r a c e  o f  l i q u id  to  ap p ea r a t  th e  c e n t r e  o f 
th e  e x i t  o f  th e  c a p i l l a r y  t 1
t  = £  A. 3 .4
d
The tim e t  , ( t^  > t^ )  to  form a r a d iu s  o f  th e  i n t e r f a c e ,  s ,  w i l l  be g iv e n  
by
t  = - i -  A .3 .52 us
-  1 9 0 -
The amount o f  f l u i d  w ith d raw n , Q, in  tim e t  = -  t 1
Q = ( t 2 "  t l )q
From th e  above e q u a tio n s  one o b ta in s
A .3 .6
2Q A .3 .7
Now a t  th e  tim e when th e  in t e r f a c e  a t  th e  e x i t  i s ,  s ,  th e  volume 
flow  r a t e  o f  B i s  Qj
_
•S
Au
* 
I
co|1r—l
v
2 tts ds = ttO
f  ii ^
s 2  -  s
• 0 k r 2' 2 r 2-
Qi =
and t o t a l  flow  r a t e ,  Q,
Q, =
so th e  in s ta n ta n e o u s  c o n c e n tr a t io n  o f  B, x (say )
x = =  £ .  
q 2 r 2
s 2>l 2 -  —
t-2J
s u b s t i t u t i o n  o f  Eq. A .3 .7  in t o  Eq. A .3 .1 0  g iv e s
x = 1 - .7TS2 Jl2Q
A .3 .8
_
*r r 2 ")
2tts ds = 7rdr2 A .3 .9
. 0 I r2j 2
A .3 .1 0
A .3 .1 1
so , to  g e t  an in s ta n ta n e o u s  c o m p o sitio n , x , one needs to  r e j e c t  a volume
7TS2 Jt
Q =
2 ( l - x ) 2
A .3 .1 2
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S e le c t in g  ty p i c a l  v a lu e s  f o r  th e  a p p a ra tu s  u sed , nam ely r  = 0 .0 0 5  cm 
and I = 50 cm and assum ing th a t  th e  re q u ire d  p u r i t y  o f  f l u i d  B i s  99%, 
then  th e  n e c e s s a ry  q u a n t i ty  o f  f l u i d  to  be removed from  th e  c a p i l la r y -  i s  
found from Eq. A ,3 .12  to  be a p p ro x im a te ly  0 .0 2  m l. S ince  b e fo re  ta k in g  
each  new sam p le , th e  c a p i l l a r y  was f lu s h e d  w ith  0 .5  ml from  th e  sam ple 
h o ld e r  in  o rd e r  to  o b ta in  a r e p r e s e n ta t iv e  sam p le , i t  i s  th e r e f o r e  c o n s id e re d  
the  r e p r e s e n ta t iv e  sam ple i s  f r e e  from  p re v io u s  sam p les . So c o n ju g a te  
com positions  a re  o n ly  a f f e c t e d  by th e  e r r o r s  o r ig in a te d  in  gas chrom atography 
a n a ly s i s .  When th e  com bined e f f e c t  o f  th e  e r r o r s  i s  a llow ed  f o r  in  Eq. A .3 .1 ,  
th e  r e s u l t i n g  v a lu e  o f  th e  s ta n d a rd  e r r o r  on c o n ju g a te  co m p o sitio n  i s  
e s tim a te d  to  be 0.3%. I t  can th e r e f o r e  be concluded  t h a t  th e  f e a tu r e s  o f  th e  
m utual s o l u b i l i t y  d a ta  g iv en  in  t h i s  work a re  g e n e ra l ly  c o r r e c t .
APPENDIX 4
THE HIGH PRESSURE DILATOMETER
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The High P ressure D ila tom eter
The equipm ent d e s c r ib e d  h e re  i s  in te n d e d  to  be used  f o r  th e  is o th e rm a l 
i s o b a r i c  m ix ing  o f  two l i q u id s .
A. 4 .1  A p p a ra tu s :
To d e te rm in e  th e  ex ce ss  volume o f  a b in a ry  m ix tu re  as a fu n c t io n  o f  
p re s s u re  and te m p e ra tu re  by th e  d i r e c t  method th e  a p p a ra tu s  o f  F ig .  A .4 .1  
( th e  h ig h  p r e s s u r e  d i la to m e te r )  i s  d es ig n ed  and c o n s tru c te d .  The a p p a ra tu s  
b a s ic a l ly  c o n s i s t s  o f a s t a i n l e s s  s t e e l  b lo c k ,  and elbow and fo u r  n ip p le s .
The b lo c k  (3) co n n ec ts  o r th o g o n a lly  th r e e  o f  th e  n ip p le s .  One end o f two 
o f th e se  n ip p le s  i s  c lo s e d .  The th i r d  n ip p le  (4) i s  co n n ec ted  to  th e  f o u r th  
n ip p le  (6) th ro u g h  a 90° elbow ( 5 ) .  Limbs 1 and 2 s e rv e  as r e s e r v o i r s  f o r  
pu re  com ponents w hich a re  s e g re g a te d  by m ercury b e fo re  m ix in g . M ercury a ls o  
p re v e n ts  h y d r a u l ic  f l u i d  from coming in  c o n ta c t  w ith  th e  l i q u id s  u nder t e s t  
and p ro v id e s  a medium on w hich a m ag n e tic  co re  f l o a t s  in  limb 6.
The w hole u n i t  i s  mounted in  a fram e in  w hich i t  can r o t a t e  ab o u t th e  
a x is  o f th e  lo w e s t n ip p le  4 , though r o t a t i o n  i s  r e s t r i c t e d  so t h a t  limb 6 i s  
alw ays above th e  lo w e s t p o in t  o f  th e  tu b e  4. The a x is  o f tu b e  4 i s  in c l in e d  
to  th e  h o r iz o n ta l  so t h a t  th e  elbow 5 i s  s l i g h t l y  low er th a n  b lo c k  3. A f te r  
i s o l a t i n g  th e  p r e s s u r i s e d  a p p a ra tu s  from  th e  p r e s s u re  g e n e ra to r  a t  v a lv e  ( 8 ) ,  
i t  can be d e ta tc h e d  and rocked  in  such a way th a t  m ixing  o f  th e  c o n te n ts  o f  
lim bs 1 and 2 i s  ach iev ed  w h ile  tube  4 and elbow  5 rem ained  f u l l  o f m ercury 
a t  a l l  t im e s . The d isp la c e m e n t o f  th e  m a g n e tic  co re  f l o a t in g  on th e  m ercury  
w ith in  th e  column 6 i s  d e term ined  by a l i n e a r  d i f f e r e n t i a l  t r a n s fo rm e r  (7 ) .
W hile w ork ing  w ith  d i l u t e  o r  r i c h  c o n c e n t r a t io n s ,  th e  le n g th  o f  one 
o f th e  lim bs i s  v a r ie d  d u rin g  th e  co u rse  o f  ex p erim en t in  o rd e r  to  avo id  th e  
use o f ex ce ss  m ercu ry .
f i g .  A4.1 T h e  high p r e s s u r e  d i l a t o m e t e r
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A .4 .2  F i l l i n g  th e  D ila to m e te r
To p re p a re  a m ix tu re  o f  known co m p o sitio n  th e  b lo c k  3 w ith  limb 1 and 
2 i s  s e p a ra te d  from  th e  r e s t  o f  th e  a p p a ra tu s  and tu rn e d  u p s id e  down. I t  
i s  th en  f i l l e d  w ith  m ercury  by means o f  a s y r in g e  w ith  a f l e x i b l e  s t a i n l e s s  
s t e e l  n e e d le .  When lim bs a re  f u l l  w ith  m ercury  th e  ends o f  th e  lim bs a re  
r a i s e d ,  so t h a t  th e  f i l l i n g  h o le  i s  s i t u a t e d  a t  a low er p o s i t i o n  th a n  th e  
lim b s . The d e s i r e d  q u a n t i ty  o f  p u re ,  d eg assed  com ponents i s  th en  in j e c te d  
in to  each  lim b . I t  i s  en su red  th a t  th e re  i s  enough m ercury  l e f t  to  
s e g re g a te  th e  p u re  com ponents. The amount o f  each component in j e c te d  may 
be d e te rm in ed  by. w eigh ing  th e  s y r in g e s  b e fo re  and a f t e r .  The m asses o f 
p u re  com ponents may be confirm ed  by w eig h in g  th e  m ercury  d is p la c e d .  L a te r  
th e  r e s t  o f  th e  a p p a ra tu s  i s  co n n ec ted  and lo a d in g  o f m ercury  i s  co n tin u e d  
w ith  s im u lta n e o u s  g ra d u a l r e tu r n  o f  th e  d i la to m e te r  to  th e  norm al p o s i t i o n  
w here th e  elbow 5 s ta y s  a t  th e  lo w e s t p o s i t i o n .  F in a l ly  th e  d i la to m e te r  i s  
co n n ec ted  to  th e  h ig h  p r e s s u re  pump.-
A .4 .3  The E x p e rim en ta l P ro ced u re
The f i l l e d  d i la to m e te r  i s  im m ersed in to  a c o n s ta n t  te m p e ra tu re  b a th  
and a llo w ed  to  a t t a i n  th e  b a th  te m p e ra tu re . The r e q u ir e d  p r e s s u re  i s  th e n  
g e n e ra te d  and th e  a p p a ra tu s  i s  a llow ed  to  re a c h  th e rm al e q u i l ib r iu m . The 
m a g n e tic  c e n t r e  i s  then  found by s l i d i n g  th e  tr a n s fo rm e r  w hich i s  mounted 
on th e  lim b 6 , c o n ta in in g  m ercury u n t i l  th e  m ag n e tic  co re  i s  lo c a te d .  The 
tr a n s fo rm e r  i s  th en  clamped so th a t  th e  m a g n e tic  c e n tre  i s  ap p ro x im ate ly  
10 mm above o r  below  th e  zero  o u tp u t r e g io n  a c c o rd in g  to  th e  f in d in g s  o f th e  
p re v io u s  ru n s . F in a l ly  th e  n e e d le  v a lv e  8 i s  c lo se d  and th e  pump i s  i s o l a t e d .  
M ixing i s  c a r r i e d  o u t by r a i s in g  and lo w erin g  th e  ends o f  lim b s . S in ce  th e  
sy stem  e v e n tu a l ly  reac h es  a c o n s ta n t  volum e, th e  m ix ing  o p e ra t io n  i s
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co n tin u ed  u n t i l  th e re  i s  no n o t i c e a b le  change o b served  on th e  v o ltm e te r  
re a d in g . T hat i s  to  say  th e  sy stem  i s  s t i r r e d  f o r  a w h ile .  The d i l a t o ­
m e te r  i s  th en  re tu rn e d  to  i t s  norm al p o s i t i o n  to  e s t a b l i s h  o r ig i n a l  
m ech an ica l e q u i l ib r iu m . The v o l tm e te r  re a d in g  was n o te d . T his p ro c e d u re  
i s  re p e a te d  u n t i l  a t  l e a s t  two s u c c e s s iv e  e q u a l re a d in g s  a re  o b ta in e d . 
F in a l ly  th e  d isp la c e m e n t o f th e  co re  i s  found from th e  c a l i b r a t i o n  cu rv e  
o f th e  tr a n s fo rm e r  and th e  e x c e ss  volume i s  c a lc u la te d  a c c o rd in g  to
h A m,in 1 2
w here
h i s  th e  d isp la c e m e n t o f  th e  co re
A = c r o s s - s e c t io n  a re a
= m olar m asses o f  p u re  com ponents
m^, m  ^ = m asses o f  p u re  com ponents
The l i n e a r  d isp la cem e n t t r a n s d u c e r  i s  c a l ib r a t e d  a g a in s t  a h ig h  
p r e c i s io n  m ic ro m ete r. The c r o s s - s e c t io n  a r e a  o f  th e  m ercury  c o l l e c t o r  i s  
c a l ib r a t e d  by means o f th e  tra n s fo rm e r  by d e te rm in in g  the  movement o f  th e  
a rm a tu re  co rre sp o n d in g  to  th e  a d d i t io n  o f  m easured q u a n t i t i e s  o f  m ercu ry .
In  th e  re d u c t io n  o f  d a ta ,  i t  i s  n e c e s s a ry  to  make two k in d s  o f  
c o r r e c t io n s .  The f i r s t  i s  due to  changes in  th e  c r o s s - s e c t io n a l  a r e a  o f  
th e  m ercury c o l l e c t o r  due to  in c r e a s in g  p r e s s u r e  and v a ry in g  te m p e ra tu re . 
The second i s  due to ,c h a n g e s  in  th e  in d u c ta n c e  w ith  changes in  th e  f l o a t  
le n g th /d ia m e te r  r a t i o .
I t  was hoped th a t  t h i s  a p p a ra tu s  w ould e n a b le  us to  m easure th e  
p r e s s u r e  dependence o f  ex cess  volum e w ith  h ig h  a c c u ra c y , b ecau se  th e
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d isp la c e m e n t o f  th e  m ercury le v e l  c o u ld  be d e te c te d  w ith  a p r e c i s io n  o f  
0 .0 1  mm. An u n fo re seen  p rob lem  a ro s e  t h a t  th e  co re  o f th e  tra n s fo rm e r  
d id  n o t f l o a t  f r e e ly  on th e  m ercury  b eca u se  o f th e  s u r fa c e  tension  e.ffects 
A ttem p ts  to  c ircum ven t t h i s  p rob lem  have f a i l e d .  T h e re fo re  no e x p e r im e n ta l 
m easurem ents cou ld  be p e rfo rm e d . However i t  i s  b e l ie v e d  th a t  a s p h e r ic a l  
a rm a tu re , w hich can " r o l l "  a lo n g  th e  w a ll  o f  limb 6 w i l l  o b v ia te  t h i s  p ro b lem , 
though th i s  r e q u ir e s  th e  u se  o f  a d i f f e r e n t  d e s ig n  and d i f f e r e n t  t r a n s fo rm e r .
